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ABSTRACT

Efficiency of Converting Iron into Hemoglobin as an
Assay for Evaluating Iron Bioavailability

by
Paul Whittaker, Doctor of Philosophy
Utah State University,

1983

Major Professor: Arthur W. Mahoney
Department: Nutrition and Food Sciences

The effect of iron absorption on subsequent hemoglobin regeneration
wa s investigated by repletion and subsequent analysis of an anemic
weanling rat model.

Primary assay procedur e 1n these studies was the

Regeneration Efficiency method.
As repletion or curative assay techniques form the central body of
investigative research in iron utilization, the first subject of inquiry
was the effect of repletion interval and degree of depletion upon the
animals as monitored by physical indicators such as blood volume, growth
and hematinic response .

Percent blood volume is a particularly useful

figure in the calculation of the amount of hemoglobin iron but was found
to be relatively constant 1n a preliminary experiment.

Accordingly, the

effects of growth and anemia on hemoglobin response and blood v olume
were examined 1n 122 wean ling male rats which had been depleted for

xi
seven days by low iron diet and phlebotomy, then repleted by feeding
iron rich diet (47.1 ppm) for zero, five, 10 and 15 days .

Percent blood

volume proved to be rather constant at 7.5 in these pre-pubescent
animals.

The most severely depleted animals appeared to regenerate

hemoglobin initially rather than replenis h tissue iron .
Regeneration Efficiency and AOAC assay methods were compared in a
study involving the relative potency of two iron salts, ferrous sulfate
and ferric orthophosphate, and three commercial cereal sources
containing electrolytically reduced, hydrogen reduced or ferric
orthophosphate supplements .
weanling rats.

These two assays utilized 202 albino male

The superior availability of ferrous sulfate was evident

in both regeneration efficienc. and AOAC assays, as wa s the relative
similarity of the dietary iron sources, yet the commercial sources in
general provided more available iron in comparison to the reference
ferrous sulfate than expected, possibly due to the influence of dietary
components and processing variables.

Bioavailability based on dietary

iron concentration response correlated highly (r

=

0 . 94) between animal

groups analyzed using the Regeneration Efficiency and AOAC methods.
Stress may have been a factor i n animals assay ed by the AOAC technique
which used a 28 day depletion interval followed by a two week repletion.
The Regeneration Efficiency method, which utilizes shorter depletion and
repletion intervals also offe red sufficient amounts of dietary iron for
normal growth.

The calculation of iron bioavailability also is

dependent on such pertinent variables as dietary intake amoun t , body
we i ght gain and percent blood volume .
(127 pages)

STATEMENT OF THE PROBLEM
Fundamental Importan ce of Iron
The central r ole of iron, particularly as a component of the oxygen
carrying protein, hemoglobin, has long been recogni zed.

In addition,

iron is essential to the formation of many redox enzymes responsible for
the catalysis of oxidative reactions.
Iron deficiency anemia has been described as the most prevalent
deficiency of early childhood in the United States (Pollitt and Leibel,

1976) despite efforts to add 1ron enrichment to foodstuffs including
infant cereals (Committee on Iron Deficiency, 1968).

Iron deficiency 1s

most critical during late infancy when prenatal stores have been
expended and the need for exogenous sources, if unmet, leads to
de ficiency (Y eung et al., 1981).

Iron requirements per unit weight are

most urgent during periods of rapid growth when adequate hemoglobin
levels are needed to fulfill additional demands for energy metabolism.
Despite infant cereal fortification, many children in late infancy
suffer from iron deficiency in this country (Committee on Nu trition,

1976) .
The ab sence of positive iron balance during periods of growth and
equilibrium in the normal adult may result in lowered hemoglobin
concentrations accompanied by decreased resistance t o infection and
impaired immune response crea ted by inhibited production of the enzyme
myeloperoxidase found in phagocytic white cells (Zol ler et al., 1980) .
Irritability and fatigue, diminished energy c apacity and even lowered
intellectual motivation and performance may result, as well as
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increased maternal morbidity and mortality associated with
unfulfilled iron needs during pregnancy (Federal Register, 1973).
Nutritional anemia has been called a significant public health
problem in adolescent s and young women as well due to the preponderance
of unwise dieting to promote weight loss (Pastides, 1981).
There is an estimated 3-5 g of iron present 1n the human adult
(C onrad and Barton, 1981), the majority of which appears as hemoglobin.
The body tends to guard i ron stores carefully, reusing dissociated
hemoglobin iron.

As iron functions in proteins of oxygen transport and

in electron transport, both essential to life, iron is efficiently
It is estimated that the man loses only 0.5

recycled by the organism.

mg to 1. 0 mg/day and the average woman, 1.0 mg to 1.5 mg per day (Dubach
et al., 1955; Finch, 1959) .

This lost iron 1s distributed among

desquamated epithelium, urine and, as an estimated 0. 7 ml blood is lost
daily as red blood cel ls in feces.

.

.

Approximately 0 . 3 mg of 1ron 1s

exc reted in the cellular hemoglobin form (Bannerman, 1957) .
Pre -menopausal women tend to lose additional amounts of 1ron varying
from 3-60 mg per month.

The estimated iron expenditure during a t erm of

pregnancy is approximately 500 mg, or from 2-4 mg per day during the
second and third trimesters (World Health Organization, 1975).

Average

U. S. daily iron absorption seems to range from 5 to 15 % of all dietary
iron (Hussain et al., 1965), a figur e whi ch varies widel y depending on
the chem ical form of iron, dietary factors, the effect of processing,
particle size, and the state of iron nutriture of the organism.
Bioavailability of 1ron may be defined as the proportion of
potential or total iron in a dietary source which is actually available
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for metabolism by the organ1sm.

It must be remembered that the

availability of iron is an experimentally derived indication of the
absorption and utilization of the iron ingested, under test conditions.
Although the basic mechanisms involved in the regulation of iron
absorption are not completely understood, autographic radio
studies have provided ev i dence to support the concept of a mechanism
whereby intestinal mucosal cells function as regulators (Conrad et al.,

1964).

All intestinal mucosal cells have the ability to accept iron;

however, absorption is greatest in the proximal small intestine and
decreases progressively in the distal segments of the ileum.

As the

columnar epithelial cells of the intestinal villi are formed, these
incorporate a portion of intrinsic iron from the iron stores, that
amount is dependent on the current need for new iron as determin ·· d by
body iron concentration (Conrad and Barton, 1981).

It is assumed that

with iron excess, the iron receptor mechanism 1n these cells 1s
saturated with intrinsic 1ron which then prevents the cell from
accepting dietary iron.

In the normal state of iron repletion, the

receptor mechanism remains partly unsaturated, allowing small amounts of
dietary iron to enter the cell.

Part of this iron proceeds into the

body to satisfy any metabolic requirement .

Part is retained in the

mucosal epithelial cell to comp l ete the saturation of the iron-receptor
mechanism.

This bound 1ron 1s subsequently lost when t he epithelial

cells are sloughed off the tips of the villi following cell death.

In

iron deficiency, it is postulated that the receptor system is diminished
so that entry of dietary iron into the body is relatively uninhibited
(Cumming et al., 1970).

4
Absorption of Heme Iron
Heme iron, derived from hemoglobin and myoglobin, is most
efficiently absorbed as the iron

1981).

porphyrin complex (Conrad and Barton,

This substance has the advantage of being soluble in the high pH

of the small intestine, and appears to be immun e t o the enhancing or
inhibiting effects of such items as ascorbic acid or EDTA.

The iron

porphyrin complex of hemoglobin is better absorbed than purified heme,
an indication that globin degradation produces certain amino acids,
amines, and amides and possibly even an intrinsic factor which inhibits
polymerization of iron within the intestinal lumen, increasing
absorption potential (Van Campen, 1973).
Most hemoglobin iron enters the intestinal epithelial cell as
me talloporphyrin (Conrad and Barton, 1981 ).

Iron is then released from

the porphyrin in the intestinal mucosal cell and iron is readily
transported to th e plasma.

Both rate and amount of absorption is

controlled by degree of repletion as an inverse logarithmic function.
An individual with depleted iron stores may absorb up to 35% of heme
iron ingested as meat, whereas an iron-replete individual, with iron
stores of 500 mg can be expected to absorb only approximately 25% (Cook
and Mons en, 1976) .

The amount of absorbed heme iron present in pork,

liver and fish is estimated at 40% whereas the percentage rises to 60 1n
lamb, beef and chicken (Cook and Monsen, 1976).

Schricker et al. (1982)

indicated the amount of heme i r on in beef muscle to be 62%.

Though the

1 mg iron per day supplied as heme accounts for only 5-1 0% of total
daily intake, its high bioavailability allows it to provide
approximately one third of the iron absorbed from a mixed diet daily
(Morek and Cook, 1981).

Larger dietary doses will also tend to promote
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greater absorption; however, the percentage absorbed decreases with the
amount ingested (Bothwell and Finch, 1962).
According to kinetic studies, iron absorption is a biphasic
operation involving early mucosal uptake of iron from t l e lumen followed
by mucosal transport into the body, both functions being influenced by
the quantity of iron stores in the body.

Similarly, the rate of

absorption seems to exhibit biphasic tendencies.

A rapid rate of uptake

has been observed within seconds after the iron reaches the mucosal
surface followed by a prolonged, slow rate lasting many hours (Conrad
and Barton, 1981).
Though some studies involving isolated duodenal rat cells in vitro
suggest that mucosal cell uptake is passive (Savin and Cook, 1978) the
apparent discrepancy may be explained by the fact that mucosal cells
invivo perform both a transport and a storage fun c tion.

For example, an

inject e d endotoxin can inhibit the transfer of iron into the plasma
without affecting the rate of mucosal uptake from the lumen (Cortell and
Conrad, 1967).
On the other hand, iron deficiency increases both uptake and
transfer of 1ron.

Rather than seeming to be a passive process, this

stimulation appears to be linked with oxidative metabolism (Conrad and
Bartoo, 1981).
Absorption Of Non-heme Iron

Non-heme iron exhibits much more restricted bioavailability.
Although it is present in foods of vegetable origin and also accounts
for the remaining 20-40% of the iron in meat, to be absorbed it must
reach th e proximal small intestine in a soluble form.

6

It has been observed that a ten-fold increase in the iron dosage of
the adult generally yields only

a

four-fold increase in absorption, an

observation which seems to substantiate the "mucosal block theory"
formulated by Hahn et al. (1943) in his work with dogs.

Basically, when

tissue iron stores are saturated, mucosal re ceptor cells are also
saturated with iron so that no absorption occurs.

When non-heme iron Ln

duodenal segments is high, iron absorption is low (Conrad and Crosby,
1963).
Dietary ferric iron is converted to the ferrous or reduced form
which i s generally readil y absorbed by the mucosal cell.

Once in the

mucosal cell, ferrous iron is possibly oxidized by enzymes to form
ferric iron which combines with apoferritin to create ferritin, the
storage form.

The presence of ferritin in the mucosal cell was thought

to regulate the rat e of iron absorption, however, ferritin is now
consid ered to be a storage protein which also functions to protect free
iron from oxidative damage and to serve as a reserve supply of iron
(Cumming et al., 1970).
In this study, I will seek to examine factors concerned with the
bioassay of non-heme bioavailability.

Though heme iron is more

available, non-heme iron LS the predominant source of iron in the
Western diet.

In other parts of the world, non-heme Lron can form

virtually the entire source of iron.

Although iron intake in India LS

similar to that in the United States, great differences are noted Ln
absorption as Indian iron intake is almost entirely from vegetable
sources (Apte and Venkatachalam, 1965).
Absorption of non-heme sources is more readily inhibited by dietary
componen ts such as tannates, oxalates (Disler et al., 1975), the
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phosvitin of egg yolk (Moore and Dubach, 1951), phytates
(Bjorn-Rasmussen, 1974), carbonates, calcium and phosphorus (Hegsted et
al., 1949), all of which exacerbate the formation of insoluble
precipitates and macromolecules.

Large quantities of EDTA also reduce

absorption of iron for, though a chelator, EDTA can bind all
coordinating bonds to render iron unr ecognizable to the absorptive sites
in the intestinal mucosa.

The majority of such inhibitory substances

occur in bread & vegetables (Cook and Monsen, 1976).

The absorption of

ferrous or ferric iron is greatly dependent on solubility, the presence
of chelators, and

a

possible meat factor.

Many researchers have noted that iron salts ingested alone seem to
be better absorbed than when these are administered with a meal or if
the iron is bound in dietary compounds (Brise and Hallberg, 1962;
Steinkamp et al., 1955; Grebe et a l . , 1975).
Ferrous forms of non-heme iron are generally more soluble even in
t he highly alkaline aqueous environment of the jejunum and duodenum.
Oxidized, or ferric forms, on the other hand, are insoluble, tending to
form precipitates and large polymers not accepted by mucosal sites.

The

absorption of ferric forms can be facilitated by reduction to a ferrous
form or chelation which allows iron to remain soluble.

In addition, the

presence of some sugars, amino acids and amines can interfere with the
construction of water bridges between iron molecules, decreasing the
possibility of polymerization or precipitation (Van Campen, 1973) .
The so called "meat factor" or pres ence of meat with a non-heme
dietary component may further prevent water bridge formation, as
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proteolytic digestion affords the release of amino acids (Cook and
Monsen, 1976).
Secretory factors also aid in the solubility of non-heme iron.
Gastric hydrochloric acid , for example, r educes ferric iron, preparing
it for chelation in the high pH of the small intestine.

Bile also

contains significant amounts of ascorbic acid and other substances which
encourage reduction and chelation .

Intestinal enzymes may release

certa in sugars, amino acids, and amines which aid as well (Van Campen,
1973).
Therapeutic iron, therefore, is often given as ferrous sulfate,
ferrous gluconate, or ferrous fumarate which would have the advantage of
better absorption .

Ferric forms have gained favor, however, as food

supplements due to their superior stability in th e presence of other
substances as well as their lack of chemical and heat sensitivity in the
foodstuff (Waddell, 1974).

Reduced iron, or finely powdered metallic

iron manufactured by reduction under hydrogen, carbon monoxide, by
electolytic d eposition or by the carbonyl process has also been
successfully employed as an iron enrichment source (Ranum and Loewe,
1978).

Hemoglobin Repletion Techniques
Hemoglobin repletion of anemic animals has been successfully
utilized as a technique for the assay of bioavailability of dieta r y iron
for over 40 years (Elvehjem et al., 1933).

Though both chicks and rats

have been used as experimental subjects, the majority of researchers
have preferred the rat because of the uniformity of results after anemia
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has been achieved (Bing, 1972) .

I f a weanling rat is fed a diet

contain ing 8 ppm iron, the hemoglobin will decrease to a level of from
5.0 to 7.0 g/dl and remains stable as long as no other iron source is
available (Finch et al., 1976; Martinet al., 1981) .

Anemia level 1s

maintained by low iron diet in animals after being depleted by
phlebotomy as well as by dietary depl et ion .

The addition of 35 mg of

FeS04·7H20 per kg di e t is reported in the literature to result
in essentially normal hemoglobin concentrations of 14.6 g/dl wh en fed to
anemic rats, a standard which also seems to be valid in present research
(Finch et al., 1976; Martin et al., 1981).

Though Pennell et al.

(1976) note that the r elative biological value obtained when comparing
test doses of ferrous sulfate to ferric orthophosphate in chicks seemed
more to approximate human studies , the vast majority of r esearchers
favor the rat as th e animal of choice, some citing their critical nature
in differentiating elemental

~ron

particl e size in powdered iron (Motzok

et al., 1975).
It 1s a lso difficult to compare human and animal studies as
techniques and variables are different .

The method of choice in human

studies is t h e Isotope Dilution Method in which one must assume that
tracer iron mixes uniformly with the available 1ron pool and behaves
identically to non-labelled iron.

Th is is not necessarily a correct

assumption as radio labelled dietary iron may not be utilized
identica lly to other iron sources (Moore and Dubach, 1951).
Hemoglobin re pl e tion o f anemic animals is a strategy favored 1n
animal based studi es .

Two basic assay techniques are currently in use.

The Relative Biological Value method (Frit z et a l ., 1970) generally
requires a depletion period of four weeks after which multiple and

10
varying test doses of
repleted for 14 days .

~ron

are administered to the animal which

~s

In Fritz' classical method (Fritz et al., 1970),

the parameters of terminal hemoglobin concentration and dosage were
plotted in an effort to determine bioavailability with reference to a
standard iron source, ferrous sul fate.
been seen

~n

Numerous variations have since

the literature (Pla et al., 1973; Miller, 1977; Amine et

al . , 1972; Anderson et al., 1974; Rotruck and Luhrsen, 1979) and two
basic graphic techniques have been utilized:

the parallel lines (Bliss

and White, 1967) and the slope ratio (Finney, 1964) approaches.
The second basic assay technique involves the calculation of
regeneration efficiency, or the efficiency of converting dietary iron
into hemoglobin (Greenberg et al., 1957) .

Physiologically based, the

calculation seems to produce results consistent with the finding of many
other laboratories (Mahoney et al., 1974).
In constructing a complete exploration of the problem of reliably
det e rmining the bioavailability of several forms of dietary iron such as
currently in use in commercial cereals, it is appropriate to observe the
relationship between iron supply, hemoglobin regeneration and growth and
to exam1ne the repletion process in terms of hematinic response before
actually comparing the Relative Biological Value and Regeneration
Efficiency methods in the determination of biological availability of
iron.
In this thesis, I will demonstrate the superiorit y of the
Regeneration Efficiency method for estimating the amount of iron accrued
as hemogl obin, using that value as a measure of the hematinic response
to dietary treatment of anemia.

As the measurement of blood volume is

an important factor to consider in hemoglobin regeneration, I will
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establish a constant blood volume factor and to distinguish several
forms of dietary iron in terms of their actual bioavailability.

12

BLOOD VOLUME AS A FACTOR IN HEMOGLOBIN REPLETION ANALYSIS
The Importance of Blood Volume

In constructing a study of the efficiency of hemoglobin
regeneration capacity in the rat, it is appropriate that the first
object of scrutiny be blood volume, its determination and dynamics,
particularly with respect to physical growth parameters and degree of
anemia presented by the

s ~ bject

in such repletion studies.

Regeneration efficiency values r eflect the efficiency of converting
dietary iron into hemoglobin relative to the amount of dietary 1ron
consumed during repletion.

Hemoglobin iron (mg) is determined as:

6.7 ml blood
g body wt x

100 g body wt

x

g hemoglobin
100 ml blood

3.35 mg iron
x g hemoglobin ·

Hemoglobin regeneration efficiency values were then calculated for
each animal as follows:
(mg Hb Fe)
Efficiency

- (mg Hb Fe)
final
initial
mg iron consumed

For this purpos e , blood volume may be defined as the sum of the
volume of cells and plasma within the circulatory system, although it
must be recognized that some elements and components of the blood are
extravascular.

Though the primary function of blood volume is to

sufficently distend the circulatory system to ensure the maintenance of
venous return (Gregersen and Rawson, 1959), blood volume is inextricably
linked to the overall metabolic functions of the organism and is
regulated by feedback mechanisms.

Furthermore, the calculation of blood

volume as a percentage of body weight is an important consideration in
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the estimation of hemoglobin 1ron, a necessary step 1n arriving at a
relative figure represent ing iron regen eration efficiency .
Potential conditions involving blood volume disturbances may be
burns in which large capilla ry areas are destroyed, peritonitis, total
body radiation, dehydration, hemorrhage and some instances of chronic
wound infection in which both r elative plasma volume and blood volume
are diminished (Gregersen and Rawson, 1959).

In starvation and anemia,

r e lative plasma volume is elevated, whi le total blood volume may
decrease.

Under normal circumstances, a long period of bed rest will

decrease total blood volume, while athe1 etes in training wi ll increase
vascular capacity (Grege rsen and Rawson, 1959).

Blood and plasma volume

exhibit a dramatic increase during pregnancy (Brown and Pike, 1960;
Rosso and Streeter, 1979) caus ing significant increase in circulating
body protein .

Iron supplementation is therefore recommended to prevent

anemia (N ational Research Council, 1980) .

As blood distribution in

7

mammals is approximat e ly 2/3 venous, 1/5 arterial and the r emainder
capilla ry, changes in capacity are reflected and mitigated primarily 1n
the venous compartment (Gregersen and Rawson, 1959).
Of particular interest is the mechanism by which blood volume is
restore d after loss by phlebotomy, as that technique is utilized to
achieve anemic conditions described and examined in this study.
Complete restoration of plasma protein is a pre-requisite to blood
volume r estitution .
cortisol is released .

Within minutes after significant blood loss,
Plasma hyperosmolarity is thought to induce a

fluid shift from cells to the interstitium.

With interstitial osmotic

pressure thus increased, lymphatic movement forces interstitial protein
into the vascular system (Pirkle et al., 1982).
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It has been determined (Pirkle et al . , 1982) that 10 hemorrhaging
dogs, a significant rise 1n plasma cortisol is evident after five
minutes.

Other factors which are implicated in the restitution of

plasma volume are the pituitary hormones ACTH, STH, prolactin and
vasopressin as well as an auxilliary adrenal factor in the mediation of
plasma hyperosmo larity.

It is suspected as well that glucagon and

angiotensin II may have a role in response to hemorrhage or sudden blood
loss (Pirkle et al., 1982).
The plasma fraction has been described as exhibiting a buffer
capacity for maintaining volume of the blood and as somewhat analagous
to the homeostatic role of bicarbonate in preserving the acid-base
balance of the blood (Gregersen and Rawson, 1959).
Blood volume quantitation is not only important from th e
theoretical standpoint, but from the practical as well.

As one seeks to

examine the absorption and subsequent utilization of dietary iron by an
organism, the quantitation of hemoglobin iron is pertinent.

If one

assumes the iron concent ration of hemoglobin to be 3.35 mg/g hemoglobin,
then hemoglobin iron may be calculated as:
g body wt x ml blood/100 g body wt x g Hb/100 ml blood x 3 . 35 mg
iron/g Hb.
Methodology in blood volume determination

In approaching the quantitation of blood volume, the dilution
principle is generally recognized as an accepted means of measurement.
Blood volume may be considered to be the sum of plasma and red cell
volumes .

To ascertain plasma volume, protein-bound trac ers may be

introduced into the subject.

Radioactive iodinated human serum
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albumin ( 125rHSA and 13lrHSA), or dyes such as Congo,

Brilliant

red or Evans blue (T-1824) have been used (Gregersen and Rawson, 1959).
The use of red dyes has generally been discarded because of
discrepancies in spectrophotometric analysis, particularly with respect
to the occurrence of a cc idental hemolysis in the sample.
Gregersen and Rawson ( 1959) contended that both IHSA and Evans blue
dye may be employed to achieve accurat e and identical results if care 1s
taken to account for plasma turbidity, optical density of the plasma,
accidental hemolysis, tracer disappearance rates and for plasma trapping
in the r ed cell fraction.

Differentials in plasma to red cell

concent ration ratios which occur throughout the circulatory system must
also be considered.
Theoretically, as the total blood volume quantity reflects the sum
of the plasma and red cell fractions, a tracer would be a logical means
to determine the red cell volume.

Of various radioactive isotopes with

the ability to effectively tag red cells, (5lcr, 32p, 42K,
59re), only 59re seems to have been successfully used in vivo
(Van Campen, 1972).

Though some authors feel there is no substitute for

actual volumetric determinations of both fractions, citing inequities of
independent fractional distributions (Belcher and Harriss, 1957),
most researchers employ only one tracer or dye for the measurement of
blood volume due to practical considerations.

Blood volume values are

then calculated from the resultant plasma volume figure corrected for
the hematocrit and with care taken to account for the various
interference factors.

Corrections for circulatory distributional

inequities which may result have been proposed by such res earchers as
Nielsen and Nielsen (1962) and will be discussed at another point .
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Historical perspective

Earliest blood volume determinations were performed by
exsanguination and were limited by the fact that complete drainage is
literally impossible (Gregersen and Rawson, 1959).

Results were

sufficiently uneven as to preclude its use in scientific endeavor.
The first hemodilution technique was a method pioneered in 1882
by Grehant and Quinquand by which hemoglobin was labell ed with carbon
monoxide (Gregersen and Rawson, 1959).

Haldane and Smith, seven years

later , modified the technique by comparing the carbon monoxide-labelled
hemoglobin with a matching sample of carbon monoxide-free blood to which
a carmine dye had been added (Gregersen and Rawson, 1959).

Carbon

monoxide dilution techniques continued to be used as late as 1954 by
Gemzell and Sjostrand (1954) who claimed a standard error of only
6%.

Keith et al. (1915) first began to use dye as an experimental
dilution technique .

His red dye, however, magnified errors induced by

plasma trapping and accidental hemoly sis which escaped detection by
colorimetry.
Because of these difficulties, Dawson et al. (1920) selected a blue
dye which exhibited the slow disappearance rat e of only 5-8% per hour
(Gregersen, 1944), essential in such experiments .
also known as T-1824.

Evans blue dye is

Dye concentration in the plasma was d etermined

with the aid of a double beam Koenig-Martens spectrophotometer.
Erlanger (1921) first utilized the extrapolation of an absorbanc e time
curve to time zero.

Due to the rate of escape exhibited by Evans blue

dye as well as natura l discrepancies which occur in mixing and in the
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distribution ratio between r ed cells and plasma, accurate interpretation
of an absorbance time curve 1s essential to precision in calculat ing
plasma volume.
In 1935, Gregersen et al. publi shed a definitive method using Evans
blue dye techniques and spe ctrophotometric analysis .

Through

spectroscopy, they felt that interference by accidental h emolysis of the
sample was for all intents negated as hemoglobin added little or nothing
to the optical density of a sample a t 620-630nm, the range of maximum
dye absorption.

This opinion was later substantiated by Nielsen and

Nielsen ( 1962) .

Gregersen continued t o refine, expand and describe the

technique in later publications (Gregersen, 1944; Gregersen and Rawson,
1959).

Gregersen's work still provides the basic principles for modern

blood volumetric determinations using Evans blue dye.
Plasma Dilution Techniques
Considerat ions in the use of Evans blu e dye
Mixing action

It is well known that Evans blue dye (T-1824) is

firmly bound to the albumin fract i on of the blood plasma and migrates
with it in t he electrophoretic field (Metcoff and Favour, 1944).
Concentration changes occuring durin g in vivo mixing produce the
greatest potential for error.

According to Metcoff and Favour (1944),

gross discrepancies occur if the blood is sampled before 1.5 minutes.
To compensate for possible inequities, they recommend that several
samples be taken at different times and the log of relative optical
dens ity be plotted against time and extrapolated to time zero.

An
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equation should be derived which would form the standard used 1n
succeeding blood volume experiments.
Differences of opinion have been expressed as to the len g th of the
optimum mixing interval.

Brown and Pike (1960) 1n an ultra-mi cro

adaptation of the Evans blue dilution method allowed only two minutes
In their procedure only 0.1 - 0.5% Evans blue was injected

for m1x1ng.

into the caudal vein and no more than 0 .3 ml was taken at a time from a
tail snip.

Blood volume was then calculated by correcting plasma volume

for hematocrit.

Wang and Hegsted (1949), Belcher and Harriss (1957) and

Caster et al. (1955) allowed five minutes for dilution.

Caster et al.

(1955), who examined the absorption of Evans blue from 5- 120 minutes ,
found that the extrapolation curve did not pass through the origin,
therefore, he concluded that the actual optimum mixing time was less
than five minutes, and furthermore may be biphasic .

In most recent

research of note, 10 minutes is recognized as an optimum mixing time
before sample extraction (Fernandez et al., 1966; Rosso and Streeter,

1979).
Disappearance factor

The variable introduced by the rate of

clearance or disappearance of the dye has been a matter of some concern.
There have been two schools of thought regarding the actual mechanism of
disappearance.

Metcoff and Favour (1944) and Cruikshank and Whitfield

(1945) supposed that as the dye was non-toxic and did not pass through
the glomerular membrane, it must be removed by the reticuloendothelial
cells to be stored in the liver or excreted 1n the urine.

While dye 1s

stored to an extent in the liver, evidence of the dye's presence is
found in other tissues, notably lymphatic nodes, muscle, skeletal and
d ermal tissue.

LeVeen and Fishman (1947), on the other hand, proposed
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that dye disappearance wa s biphasic.

In the first stage, a logarithmic

pattern of disappearance was apparent as un-ionized dye dissociated from
the albumin fraction and passed through capillary membranes.

The dye

was then transported from tissue fluids until trapped in certain
secretions by ionization or until fixation by tissue protein.
Apparently during the first phase, dye and albumin may be dissociated
without the metabolism of the albumin.

Once dissociated, the dye may be

lost by means of metabolism, fixation or excretion, or it may return to
the circulation to recombine with protein.

A substantial amount

(Caster et al., 1955) of Evans blue dye remains bound to tissue proteins
1n such sites as muscle, skin, liver and skeletal tissue, 1n
contradiction of the supposition that Evans blue is selectively removed
from the plasma by the reticuloendothelial system, and in support of the
dye transfer mechanism suggested by LeVeen and Fishman (1947).
Belcher and Harriss (1957) approa che d the problem of disappearance
by attempting serial sampling, and subsequent extrapolation of Evans
blue concentration.

While practical for large r animals, Belcher's

method seriously depleted smaller subjects of blood to the point that
other physiological facto rs intervened.
Rettori et al. (1964) corrected plasma volume for loss of indicator
by calculating a factor ( .953±. 004) derived through semi-logarithmic
extrapolation of multiple samples using 21 rats.

Rettori also developed

a red cel l volume correction for trapped plasma in the same mann er (.929

± . 006).
The method of choice in compensation for pre-sample dye loss
currently seems to be a linear extrapolation to time zero of the plasma
clearance curve based upon single samples withdrawn at vari ous time
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intervals (Caster et al., 1955; Zweens and Frankena, 1981;
Bijsterbosch et al . , 1981).

Correction for inequities

An additional difficulty inherent in spectroscopic methods of
plasma-bound dye concentration determinations is the variable plasma
density, turbidity and accidental hemolysis.

One advantage of Evan s

blue dye is that it can be used at lower dye levels, and therefore
places less stress upon the liver (Wang and Hegsted, 1949) without
sacrificing accuracy.

Samples can be read at a wavelength of between

600 and 800 nm at which hemoglobin and accidental hemolysis contribute
little to optical density (Gregerson and Rawson, 1959 ; Nielsen and
Nielsen, 1962).
In an attempt to negate plasma turbidity, Zweens and Frankena
(1981) used polyethylene glycol to precipitate the non-albumin fraction
of plasma proteins, and found the precise amount of polyethelene glycol
to be critical, as higher amounts tended to also precipitate the
albumin.
A more practical approach, used in the present study was the use of
a concomitant in vitro procedure developed by Nielsen and Nielsen (1962)
in which a known blood volume is used.

Lesser plasma turbidity created

a steeper slope in the rectilinear curves whic h conn ect observed
absorption values to the actual value.

This relat ionship is known t o be

logarithmic in nature as is the rectilinear relationship b etween the log
of the opt ical densi ty and that of the wave length .

A mat hematic al

expression may be derived after observation of varying optical densities
at wave lengths of 620 nm to 740 nm using a double beam
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spectrophotometer which can then be corrected for these variables.
Blood Volume Considerations
Relationship betwee~ blood volume
and body weight
The great variety of conclusions documented with regard to blood
volume calculations in the r a t may possibly be attributed to varying
physical conditions, inherent strain differences or quite probably to
the dynamic relationship which

ex ~ sts

among the parameters of body

weight, age, degree of erythropoietic stimulation and rat e of iron
absorption .
As the percent blood volume reflects the relative hemoglobin supply
available for the organism's use, it would be advantageous if this
factor were constant during at least one portion of the animal's life.
Though weight gain has long been associated with an absolute
increase in blood volume (Metcoff and Favour, 1944; Gregersen et al.,
1935) and plasma volume (Belcher and Harriss, 1957; Bijsterbosch et al . ,
1981), the relationship between blood volume and blood volume as a
percentage of body weight does not seem to have found universal
consensus.

Garcia (1957a), for example, concluded that the percent of

blood volume declines continuou sly from a level of 7.2 at birth to 4.4
at the age of 200 days .

Fernandez et al. (1966) indicated a net decline

in percent blood volume of from 8.7 to 6. 3 between the body weights of
100 g and 300 g . Rettori et al. (1964) also report a negative linear
correlation between the weights of 100 g and 300 g.

The decline in

percent blood vo lume evident in the mature rat has been suggested to be
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result of adipose tissue addition (Doornenbal et al . , 1962; Belcher and
Harriss, 1957).
While Belcher and Harriss (1957) cautioned against the use of a
percent blood volume constant, the y reported a range of only 7. 04±0.24
to 7 . 02±0 . 25 for animals between the mean weights of 76 g and 125 g.
Under normal conditions such subjects are pre-pubescent rats.
Some research (Cardon et al . , 1980; Greenberg et al., 1957) has
utilized 6 . 7 as a percent blood volume constant for the purposes of
calculating regeneration efficiency.

This figure was derived from the

work by Cartland and Koch (1928) in which rats ranging in weight from
101 g to 262 g were studied .

Upon examination of the data, it can be

seen that for subjects between the weights of 101 g and 137 g, or
approximate weight of the weanling rat, the percent blood volume
is 7.3, a figure not inconsistent with this research, though methodology
differs.

Though Constable (1963) reported a rise in percent blood

volume at 100 g body weight the figure was constant from birth to 300 g.
Constable (1963) reported that perc ent plasma volume was 5 .73% at birth,
6% at 34 g and 4 . 5% at 100 g body weight .

The percent red cell

volume increased from 1.48 at 30 g body weight to 2.64 at 100 g, after
which a plateau developed.

Except for a small rise at 100 g body

weight, Constable observed little variation in percent blood volume Ln
rats studied.
As the percent blood volume is significant only if an increase in
hemoglobin is observed (Garcia, 1957b; Belcher and Harriss, 1957), t h e
worth of investigating the possibilit y of a constant percent blood
volume and in addition observing the erythropoietic respons e exhibited
by discrete levels of anemic severity in the weanling rat are apparent .
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Hemodynamic considerations
As blood supply to adipose tissue is considerably reduced
(Doo~nenbal

et al., 1962), it is generally observed that large, mature

rats have smaller percent blood volume than do small, maturing rats
(Belcher and Harriss, 1957; Metcoff and Favour, 1944).

The diminution

of total percent corporeal water as adipose tissue accumulate s decreases
plasma level (Fernandez et al., 1966).

Correlations are more frequently

reported in experimental comparisons of blood volume and lean body mass
(Doorn enbal et al., 1962) .

Muldowney (1957) also indicated a linear

relationship between red cell volume and lean body mass in humans.

A

similar relationship is noted between red cell volume and total body
weight in the pre-pubescent rat (Doornenbal et al., 1962).
Animals suffering from hypoxia or other manifestations of net
hemoglobin loss will likely exhibit abnormal percentages of blood
volume/body weight (Conrad and Crosby, 1962) .

Pregnant (Brown and

Pike, 1960; Rosso and Streeter, 1979) and neonatal rats also tend to
exhibit abnormally high plasma volume (Belcher and Harriss, 1957;
Constable, 1963).

A decrease in hematocrit is seen in the neonatal rat

(Constable, 1963; Garcia, 1957a ) followed by a

r~se

after being weaned .

This same phenomenon was reported by Huggins et al. (1971) in a study of
newborn beagles.

Constable (1963) reported a rise in hemato crit in rats

from 22% at 49 . 6 g body weight to 38% at 300 g body weight, or at 8
weeks of age, at wh ich time hematocrit percentages reached a plateau.
Belcher and Harriss (1957) noted a rise in hematocrit at 125 g
accompanied by a decrease in percent blood volume .

Garcia (1957a)
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observed that there was never evidence that the total red cell volume
decreased, even during the early anemic period of from 15-20 days of
age.

According to both Garcia (1 957a ) and Constable (1963) the percent

red cell volume also rose throughout life, but at differing rates.
Garcia not ed a red cell volume increase of from 1.4% at 30g to 2.1% at
126g, wh ereas Constable observed a comparatively more rapid increase of
f rom 1. 5% at 30g to 2.6% at 100 g body weight, the di fference perhaps
being that Ga r cia did not correct for trapped plasma which artifically
increased his red cell volume figure .

In hi s observations of the rate

of red ce ll production, Garcia reported that from the 21st through the
36th day of age, the volume of red cells produced per day per 100 g body
weight rose approximately 0 . 13 to 0 . 15 ml/day, although th e percent
production seemed to fal l between the 40th and 90th da y of age aft e r
which time the percent decrease is more gradual .

He concluded that as

the life of the red cell is from 45 to 60 days, with a mean of
approximately 50 days, the precipitous drop in production rat e relative
to body weight may be the result of the death of the first wave of red
blood cells which are produced in abundance in the neonatal rat, a s
evid enced by the extremely high reticulocyt e count observed in the
newborn rat.

At birth, 90 % of red blood cells are reticulocytes (Bruner

et al., 1939 ) .
The anemic period of the neonatal rat has been the object of some
scrutiny.

Garcia (1957a) observed that between 15 and 20 days of age,

wh en anem1a 18 at its greatest, daily erythropoietic activity is higher
than at any other time .

During this interval , the great demands of

rapid body growth exert a strong influence, and though the re are many
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nucleated r ed blood cells evident in the bone marrow and an abundance of
mitotic activity, erythropoiesis is simply not abl e to keep pace with
body growth.

During this time also, the rapid increase in plasma

volume, stemming from a hemodynamic requirement for a marginal layer of
plasma in even the tiniest capillary (Belcher and Harriss, 1957)
depress es the apparent red cell volume percentage.
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EFFECT OF GROWTH AND HEMOGLOBIN REPLETION ON BLOOD VOLUME
AND IRON UTILIZATION
Documentation of Methodology

Experimental procedure
18 albino male rats of the Sprague-Dawley strain (Simonsen
Laboratories, Gilroy, CA) of differing age an d we ight we r e selected at
random from a pool of healthy laboratory animals.

All animals had been

fed a stand ard basal diet (Appendix A) supplemented with 3 . 500 g iron as
FeS04 •7H20/kg of mineral mixture since arrival in t h e laboratory
as weanlings.

In addition, al l received demineraliz ed wat er ad l ibitum.

No attempt was made to alter their hemoglobin concentration in any way.
Animals were weighed and hematocrit determinations were made by
centrifuging the contents of a hepariniz ed micro-hematocrit capillary
tube and subsequently measuring the packed cell volum e with a
micro-capillary reader.

Individual blood volumes were determined

by injecting approximately 4 mg Evans blue/100 g body weight diluted 1n
normal saline solution into the lateral tail vein.

The precise weight

of the dye so lu tion injected in each instance wa s determined by
differential weight of the syringe .

After allowing ten minutes to

ensure complete mixing, a blood sample was drawn from the retro- ocular
capillary bed using a heparinized capillary tube (Timm, 1979).

The

sample was centrifuged and 0 . 1 ml plasma was diluted with 8.9 ml of 0.9%
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NaCl solution.

Each sample was read using a spectrophotometer at 620

and 740 nm to n egate inequities in optical density caused by variations
in plasma turbidity (Nielsen and Nie l sen, 1962) .

Per cent blood volume

was then calculated.
After the four values 1n Table 1 had been noted, correlation
coefficients were calculated by analysis of var1ance procedure.

Results and analysis
Although higher body we ight was associated with a higher hematocrit
reading (Tables 1 and 2) and also with total blood volume, blood volume
as a percentage of body weight correlated poorly with both body weight
and total blood volume contrary to the findings of other research
(Fernande z et al., 1966; Garcia, 1957a).

Table 1.

Pr eliminary Percent Blood Volume Determinations fo r 18
Albino Male Rats of Varying Age and Weight!
Body wt (g)
Hematocrit

46±4

Blood volume (ml)

13.6±5 . 4

Percent blood volume2

7. 8±1. 0

!Preliminary investigation results.
2Blood volume in ml/100 g body wt.
3Population mean with standard error.
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Table 2.

Correlation of Body Weight, Hematocrit, Blood Volume
and Percent Blood Volume!

X

y

r va lue

P value

Body wt

Hematocrit

0. 77

0 . 002

Body wt

Blood volume

0 . 93

0 . 001

Hematocrit

Blood volume

0.79

0.001

Body wt

Percent blood volume

-0 . 20

0 . 427

Hematocrit

Percent blood volume

0.11

0.678

Blood volume

Percent blood volume

0. 15

0 . 541

!Preliminary investigation results from 18 albino male rats of
varying age and weight .
2slood volume (ml)/100 g body wt.
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Though the sample of animals included a rather wide range in terms
of body weight, evidence that percent blood volume may appear as a
constant value in the young post-weanling rat seemed sufficient to
justify testing the hypothesis in a more regular, controlled research
design.

Determination of a Blood Volume Percentage Constant
Experimental procedure
122 albin o we anling male Sprague-Dawley rats were received at
23 days of age .

To ensure the reliability of the resultant data, the

entire experiment wa s replicated twice at separate times.

Animals were

individually hous ed in stainless steel cages and kept in a temper ature
controlled environment.

Upon arrival, animals we re offered ad libitum a

low-iron diet identical to that used in the preliminary investigation
(Appendix A) except for the exclusion of 3.500 g iron as
FeS04 ·7H20/kg mineral mixture .

Rats received demineralized wat er

ad libitum for seven days.
Animals were then randomly assigned to one of four initial
hemog lobin levels: 5, 7, 9, or 11 g /dl .

Individual animals were bled to

ach ieve the desired level by the insertion of a heparinized capillary
tube into the retro-ocular capillary bed (Timm, 1979; Mahoney et al.,
1974).

Bleeding is considered prefe rable to pure dietary deprivation 1n

achieving an anem1c condition as the technique does not compromise the
animal•s tissue 1ron stores as severely (Flanagan et al., 1980).
the seventh day of depletion, animals were weighed.

Hemoglobin

After
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determinations were made in duplicate samples of fresh blood us1ng
the Cyanmethemoglobin method (Appendix B) developed by Crosby et al.
(1954) .
Repletion was begun immediately.

Rats received approximately 10 g

daily of the basal diet (Appendix A) to which 3.500 g iron as
FeS04·1H20 had been added per kg of mineral m1x.

Analysis by

atomic absorption spectroscopy revealed the repletion diet contained
47 .1 ppm iron.

Throughout r e pletion, daily dietary amounts were weighed

and spillage was subtracted.
libitum.

Demineralized wat er was offered ad

Animals of each initial hemoglobin level were divided into

subgroups whose total repletion interval would be zero, five, 10 or 15
days to allow for quantitation and analysis of growt h-related variables.
As rats were assigned to subgroups, having similar body weight and
hemoglobin concentration.
At the conclusion of the repletion period, body weight, hemoglobin
and hematocrit values were noted.
Individual blood volume was calculated as previously reported but
with additional corrections to impr ove the precision of that critical
value.

To compensate for pre-sample dy e loss which may have occurred

due to hemoglobin entrapment in the plasma fraction or through leakage
into the interstitial tissue, absorbance values for the ten minute
reading were extrapolated to time zero in a collateral absorbance study.
To accomplish this procedure efficiently, a microcapillary technique was
devised in which approximately 0.5 ml of 4 mg Evans blue/ml 0.9% NaCl
was injected into the lateral tail vein of 17 weanling male
Sprague-Dawley rats.

One capillary tube of blood (70

~1)

was obtained
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from the retro-ocular capillary bed at 10, 20 and 30 minutes
post-injection and the blood components were separated by centrifugation
in a microcapillary centrifuge .
just above the cell level.

Each tube was then scored and broken

Plasma was withdrawn using a 20 cmm pipette

and diluted with a normal saline solution (0 . 02 ml plasma diluted with
1. 78 ml of 0.9% NaCl).
the blood volume.

The amount of dye injected was subtracted from

Accordingly, an equation was derived from results

whi ch allowed extrapolation of the data from ten minutes to time zero
and offered a correction for pre-sample dye loss in experimental animals
(Figure 1). Absorbance= 0 . 503+0.003 (time),

r

= -0.64.

A final correction was derived from an in vitro determination Ln
which a known quanitity of standardized rat blood was used in Evans blue
blood volume determinations .
analyzed in triplicate.

Samples of 4 ml, 8 ml, and 13 ml were

Each sample was injected with an identical

proportion of dye as wa s employed in the in vivo experiments, L.e. 4
mg Evans blue/6. 7 ml (assuming the percent blood volume to be 6. 7)
(Cartland and Koch, 1928).

Again, the weight of the dye solution was

determined differentially from the empty syringe weight.
a

After allowing

mixing interval of 10 minutes, blood was centrifuged and 0.1 ml plasma

was withdrawn and diluted with 8.9 ml 0 . 9% NaCl solution.

As previously

described, samples were s pectroscopi cally analyzed and plasma results
adjusted for hematocrit we re expressed by the eq uation:
Actual blood volume

= 0.5 12

+ 0.891 (calculated blood volume).

correlation coefficient for this expression was r

= 0.86.

The
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Results and analysis
Mean results 1n Table 3 indicat e an association between body weight
and blood volume.

Thus, the percent blood volume remained relatively

stable.
Table 4 illustrates results of growth by repletion intervals and
initial hemoglobin level.

It is not eworthy that by the fifth day of

repletion, animals depleted to 5 g Hb/dl, had more than doubled the
original hemoglobin concentration, wh ile throughout, percent blood
volume values seem to vary little.
Analysis by least squares difference 1s presente. in Appendix C.
Growth related parameters clearly showed the effect of r eple tion
interval on resulting values with animals repleted the longest achieving
the greatest gains .

The least squa res difference proc ed ure

d~monstrates

the significance of the c ritica l gain in hemog lobin to be found in the
fi rst five days after depletion.

The lack of significance found in

percent blood volume further supports the contention that a const ant is
likely to exist among these animals.
The percent blood volume figure of 7.5 ±1 . 0 did not vary
significantly be tween the replicate studies performed as part of the
blood volume study (Table 5), which further validates these findings.

7.5±0 . 9 was also the mean percent blood volume for 17 rats used in the
collateral absorbance study .
Evaluation of Hematinic Response 1n Anemia and Repletion
Exper imental procedure

The same 122 animals examined 1n the previously des cribed blood
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Table 3.

Summary of Growth Data and Percent Blood Volume by Length of
Repletion In Days for 122 Anemic, Weanling Male Rats

Days Repleted

0

5

10

15

Means!

Body wt, in it ia 1 (g)

81

82

82

83

82±7

101

113

138

113±18

7.7

8.2

7.8

7.9±2.0

12.3

14.0

13.9

13.2±1.2

Body wt, final (g)2
Hb, initial (g/ dl)

7.8

Hb, final (g/dl)2
Blood volume (m 1) 2' 3

6.0

8.1

8.8

10 . 3

8.6±2.0

Blood volume ( percent)3

7.3

"' .6

7.6

7.5

7.5±1.0

!Population means for all intervals with standard error.
2significant differences noted:

See Appendix C for values.

3Reliable Evans blue injections available for 85 of 122 animals .

Table 4.

Effect of Initial Hemoglobin Concentration and Repletion Interval in Days
on Growth and Percent Blood Volume Data for 122 Anemic Weanling Male Ratsl
Da~

Repleted
InLtial Hb Concentration

Da:ts

Body wt, initial (g)

Da~

0

11

5

7

9

5

7

9

75

82

83

78

81

83

85

103

103

99

99

5. 2

6.7

8.8

11.1

11.7

12 . 2

12 . 7

13.0

Body wt, final (g)
Hb, initial (g/dl)

5

5. 7

7. 0

9. 4

Hb, final (g/dl)
Blood volume (ml)2

5.5

6.1

6.2

8. 7

7.8

7.5

Percent blood volume2

6.9

7. 5

6.8

8. 0

7.4

7.3

Da~s

Da~

Repleted
InLtial Hb Concentration

Da~

10

Population
Mean with

15

5

7

9

11

5

7

9

11

S. E.

Body wt, initial (g)

78

85

81

85

79

82

85

85

82±7

Body wt, final (g)

119

116

110

107

143

141

138

125

113±18

Hb, fin al (g/dl)

13.6

14. 1

13 . 9

14 . 4

14.0

13.9

13.4

14.7

13. 2± 1. 2

Hb, initial (g/dl)

5.6

6. 7

9.1

11.1

5.6

6.9

8.8

11.3

7.9±2 . 0

Blood volume (ml)2

8. 9
7.2

8.7
7.6

9.4
8. 1

8.2
7.4

11.2

10.6
7.4

10.0
7.3

8.6

8.6±2.0

7.0

7. 5± 1. 0

Percent blood volume2

!Hemoglobin level in g/dl, repletion interval in days.
2Reliable Evans blue injections availabl e for 85 of 122 animals.
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Table 5.

Comparison of Replicate Studi.es in the De t e rmination of Percent Blood Vo lume l
Body wt
(g)

Hemoglobin (g/dl)
Initial
Final

Blood volume
(ml)
Percent2

Replicate 1

N

39
Hb level 5

123±23

5 . 5±0 . 2

11. 9±2. 8

10 . 2±3.0

8. 0±1. 2

14

Hb level 7

127±26

7. 2±0 . 5

12. 6±1. 8

9. 7±2.3

7. 8±0 .4

11

Hb level 9

119±24

9.0±0 . 7

12. 4±1. 5

9. 5±2 .5

7.5± 1.1

14

Mean

123±24

7. 2±1. 6

12.3±2.2

9. 8±2. 6

7. 7±1.1

Replicate 2

46
Hb level 5

115±10

5. 0±0 . 7

12. 7± 1 . 1

8.9±0 . 9

7.7±0 .9

9

Hb level 7

97±17

6.9±0 . 6

10 . 4±3 . 4

7 .1 ±1.3

7. 3±1.1

18

Hb level 9

111±19

9 . 0±0 .9

13 .1 ±1.7

8. 2±0. 9

7.2±0.8

12

Hb level 11

115±7

11.2±0 . 7

14. 8± 1. 1

8. 0±1. 2

7.3±0.6

7

Mean

107±17

7.7±2 . 1

12.2±2 .8

7.9±1.3

7.4±1.0

114±22

7. 5±1.9

12 . 3±2.5

8.8±2 .0

7.5±1.0

Ent ire population

853

lvalues for individual animals we r e noted at the time of blood volume determination.
2B 1ood volume (ml) /100 g body wt.
3Reliable Evans blue injections available for 85 of 122 animals.
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volume percent determinations were also used in the evaluation of
hematinic response.

Animals were randomly divided into four desired

initial hemoglobin levels:

5, 7, 9, and 11 g/dl, bled 0.8 ml, 0.6 ml,

0.4 ml and 0.0 ml, respectively to achieve those levels.
fed a low-iron diet (8 .1 ppm Fe) for seven days.

Rats were then

Animals were then

repleted using diet now enriched with 3.500 g FeS04 · 7H20 which was
added to the mineral mixture for periods of 0, 5, 10, and 15 days.
Dietary amounts were weighed dai ly and spillage subtracted in order to
a c c urately determine the dietary intake of each subject.

At the

conclusion of repletion, animals were sacrificed by decapitation.
were removed, blotted free o f blood, weighed and analyzed for
content.

Livers

~ron

Hemoglobin regeneration efficiency values were then calculated

for each animal as follows:
(mg Hb Fe)
Efficiency

mg

(mg Hb Pe)
final
~ron

initial x 100

consume d

Regeneration efficiency values reflect the efficiency of converting
d ie tary iron into hemoglobin relative to the amount of dietary iron
c < 1sumed during repletion.
g body wt x

Hemoglobin iron (mg) was determined as:

6.7 ml blood
100 g body wt

X

g hemoglobin
100 ml blood

X

3.35 mg iron
g hemoglobin

assuming that blood volume reflects 6.7% of the total body weight and
that the

~ron

concentration of hemoglobin

~s

3.35 mg /g (Cardon et al.,

1980).
Both liver and di etary iron contents were determined by atomic
absorption spectrophotometry.

Samples were dessicated, charred and ashed

in a muffle furnace at 500°C.

The resulting ash was solubilized in 6 N

HCl and diluted for analysis.
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Initial and final hemoglobin concentrations were measured in
duplicate samples of fresh blood using the Cyanmethemoglobin method
(Appendix B) (Crosby et al., 1954).
Data were analyzed by analysis of variance (Snedecor and Cochrane,
1967).

Least significant difference values were calculated by subset

(Steel and Torrie, 1960) where statistical significance (P <0 .05) wa s
noted.
Results and analysis

A summary of hematinic response to
~n

the weanling rat is found in Table 6.

var~ous

levels of

an em~a

Those most profoundly anemic

demonstrated the greatest hemoglobin regeneration efficiency, hemoglobin
gain and an apparent increased rate of iron utilization.

Final

hemoglobin figures are associated with greater initial hemoglobin, which
did result

~n

superior regeneration efficiency values despite lesser

iron gains .
Time and initial hemoglobin-dependent responses were observed in
the hematinic respons e to repletion at various levels.
of more detailed data

~n

An examina tion

Table 7 reveals that for all but the group

which began the study at hemoglobin level 11, regeneration efficiency
figures were greatest at the five day repletion interval, diminishing
thereafter.
Mean data for final body weight and blood volume for each initial
hemoglobin level (five, seven, nine and 11) noted at each repletion
interval (zero, five, 10 and 15 days) were plotted in Figure 2.

Final
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Table 6.

Summary of Mean Values of Hematinic Repletion Response for 122
Anemic Weanling Male Rats based on Initial Hemoglobin
Concentrations 1

Initial Hb Concentration

5

7

9

11

Regeneration efficiency2

61.3

53 . 8

42.7

31.0

Hb, i n itial (g/dl)2

5. 4

6. 8

9. 0

11.2

Hb, final (g/d l )2

12. 8

13 . 2

13 . 3

13.9

Hb ga1n (g/dl)2

7. 4

6.5

4.3

2. 8

Hb 1ron, ini tia 1 (mg)2

0. 95

2.06

1. 65

2. 13

Hb iron, final (mg)

3. 40

3 . 02

3. 32

3.34

!Hemoglobin level in g/dl.
2significant dif ferences noted .

See Appendix D for values .

Table 7.

Hematinic Repletion Response for 122 Anemic Weanling Male Rats based on Initial
Hemoglobin Concentration and Repl etion Interval in Daysl

Day 5

7
Day 10

Day 15

64.8

49.8

39.4

6.7

6.7

5.9

14. 0

12.2

14.1

13. 9

8.0

8. 5

5.5

7. 3

7.0

0.90

1.01

0. 98

1.22

2.37

1. 26

2. 71

3.66

4.50

2.81

3.65

4. 38

Day 10

Day 15

Day 5

11
Day 10 Day 15

51.2

38 . 6

32.7

34.3

29.5

27.1

48.0±16.0

8.8

9.1

8.8

11.1

11.1

11.3

7. 9±2.0

Hb, final ( g/ dl)

12.7

13.9

13. 4

13.0

14.4

14.7

13. 2±1. 2

Hb, gain ( g/ dl)

3. 8

4. 8

4.6

1.9

3.3

Hb iron, initial (mg)

1.66

1.63

1.68

2.13

2.13

2.14

1.66±0 . 74

Hb iron, final (mg)

2.79

3.43

4.15

2.88

3.47

4.11

3. 27±0. 72

Initial Hb level
Days Repleted

5

Day 10

Day 15

73.9

53.9

44.5

5.2

5.6

5. 6

Hb, final (g/dl)

11.7

13.6

Hb gain ( g/ dl)

6.5

Hb iron, initial (mg)
Hb iron , final (mg)

Day 0

Day 5

Day 0

- Regeneration efficiency
Hb, initial (g/dl)

Initial Hb level
Days Repleted

5. 7

9
Day 0 Day 5

Regeneration efficiency
Hb, initial (g/dl)

!Hemoglobin level in g/dl:

9.4

7.0

Population
mean with
pooled S. E.

5. 3±2.1

repletion level in days.

~

0
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growing ratsl
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body weight and blood volume for all animals are highly correlated (r
0 . 78) and may be expressed as Y

= 0 . 414

+ 0.074 x.

=

The correlation of

body weight and percent blood volume, however, proves not to be
significant (r = 0 . 058) in contrast to the findings of Garcia (1957a)
and Fernandez et al. (1966) whose research included mature animals.
Statistically (Appendix D), several differences in anemic condition
are significant at the P<O.OOl level.

At lower initial hemoglobin

values, an increase in final hemoglobin at the P=0.007 level was
observed, indicating the more pronounced the anemia and the closer to
the early peak of erythropoietic activity, the more vigorous was the
animal ' s hematinic response, agreeing with the findings of Jepson et al.
( 1973) , who concluded that an extreme anemic condition exacerbates renal
hypoxia which in turn stimulates erythropoietin production in the
juxtag lome rular tissues, the hematinic r e spon s e be ing observed within
four day s o f de pletion .
Figur e 3 illustrates comparative rates of hemoglobin gain by
animals assigned to each hemoglobin level.

While the rate of increment

is decidedly not linear as is portrayed, the figure serves to illustrate
the concept of a progressive increase in erythropoietic activity in the
profoundly anemic organ ism .

Though iron intake did no t vary

significantly among experimental groups (P=0.877), the three lower
groups evidently generated sufficient erythropoietic respons e to
proportionally increase hemoglobin to a level just below animals which
had never experienced the stress of phlebotomy and whose initial
hemoglobin reading is considered with in the normal range (Belcher and
Harriss, 1957) for the weanling rat .
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Using hemoglobin gain 1n grams as an indicator, a significant
increment (P<0.001) is apparent at each initial hemoglobin level
inversely proportional to the initial hemoglobin value (Appendix D and
Figure 4) .
Similarly, the rate of hemoglobin 1ron gain as seen in Figure 5
illustrates the heightened response of the greatly anemic organism

(P<0.001).

Marx (1979) noted that the occurrence of severe anemia can

stimulate twice the ordinary percent of iron mucosal uptake and twice
the normal amount of mucosal transport, resulting in a three fold
increase in iron retention.
Hemoglobin regeneration efficiency is inversely proportional to
initial hemoglobin (P<0.001) as illustrated in Figure 6 .
The extremeness of the erythropoetic response generated by subjects
most profoundly anemic would suggest that animals at hemoglobin level
five had exceeded a threshold (Figure 7).

Animals at a higher

hemoglobin level seemed to substantiate Conrad and Crosby's (1963)
theory that among anemic rats, iron is rapidly assimilated up to a
certain point .
diminished rate.

Beyond that, some absorption occurs, but at a greatly
Figure 7 depicts the severely anemic animal's extreme

effort to restore liver weight which results 1n the most anem1c group
achieving the highest liver weight .

Table 8 summar1zes the superior

achievement of most severely anemic animals in terms of we ight gain.

In

Table 9, the progressive, increasing ga1ns of subjects at level five (or
5 g/dl) can be seen.
A similar extreme effort by level five ra ts is seen in Figure 8,
depicting liver iron content.

Though the pattern is similar to final mg
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Table 8.

Summary of Mean Liver Response Values of 122 An em ic Weanling
Male Rats to Repletion based on Initial Hemoglob i n
Concentration 1

Initial Hb Level

5

Body wt, initial (g)

78

82

83

85

Body wt, final (g)

117

116

112

107

Iron intake (mg)

4.45

4.51

4.30

4.06

Liver wt (g)2

3.987

3.292

3.392

3.715

Liver 1.ron (1Jg)2

166

155

161

224

Liver 1.ron (1Jg/g)2

45.6

45.7

47.3

60.1

7

11

9

!Hemoglobin concentration l.n g/dl.
2significant differences noted.

See Appendix E for values .

Table 9.

Liver Response to Repletion in 122 Anemic Weanling Male Rats Based on Initia l Hemoglobin
Concentration and Length of Repletion Period in Daysl

I nitial Hb Concentration
Days Repleted

Day 0

Day 5

Da y 10

Day 15

Body wt, in iti al ( g)

75

78

78

79

Body wt , final (g)

103

119

I ron intake ( mg )

2. 46

7

5

Day 0

Day 5

Day 10

Day 15

81

85

82

143

103

116

141

4.91

7.91

2.47

4.79

7.90

82

Li ver wt (g)

2.006

3. 710

4.212

4.978

2 . 533

3 . 265

3. 6 52

4 . 454

Liver iron (IJg)

77

151

224

248

98

142

18 9

241

Liver iron (pg/ g )

38. 1

40. 7

53 . 3

50. 1

38.6

43.3

52 . 8

54 . 4

Initial Hb Concentration
Days Repleted

Day 0

Day 5

Day 10

Day 15

Body wt, init i al (g)

11

9

Day 5 Day 10 Day 15

Population Me an
with Pooled S.E

z±1

81

85

85

85

85

85

8

Body wt , final (g)

99

110

138

99

10 7

125

1n±18

Iron intake (mg)

2. 28

4.66

7 . 51

2.20

4.50

7. 24

4.3 5±2.12

83

Liver wt (g)

2.417

3 . 009

3 . 362

4.630

3 . 430

4.071

3.524±0.917

Liver iron ( pg )

96 . 5

144

164

233

195

260

16 9±5 3

Li ver i ro n (IJg/g)

40.0

47.9

50 . 6

50. 6

57 .4

63.4

47 . 3±9.2

\J1

1 Hemoglobin

level in g /d l, repletion interval in days.
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Hematinic response of anemic weanling ma l e rats reflected in
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hemoglobin iron, it is apparent that the increase in l ive r weight

lS

commensurately gr eater 1n the severely anem1c animal than is the
quantity of liver iron .
Figure 9 i llustrates the final quantity of hemoglobin iron measured
at the end of repletion.

As in the two previous figures, the superior

response of the most and least anemic groups is evident as 1s the
inferiority of animals who began repletion a t hemoglobin level seven .
If one assumes the r esponse of animals at level 11 to be the norm for
the weanl ing ra t (Belcher and Harriss, 1957), one may surmise that the
most severely an emic group has recouped iron losses incurred through
depletion in the circulatory compartment but while live· weight appears
to have been restored and even aided, the animals are not yet replete in
live r iron.
The inability of animals at level seven to elicit the magnitude of
liver response seen at other levels is apparent, suggesting the
existence of a threshold between levels five and seven .

It is possible

that depletion had compromised the iron stores of group seven
sufficie ntly to have affected their growth, but not to th e extent that
increased iron absorption and erythropoiesis ar e immediately stimulated .
Instead, a delayed response can be obs r ved in Table 9 fo r this group .
A statistical analysis of liver indicato rs (Appendix E) illustrates
the differences among discrete groups in utilization of ir on and
nutrients.

Though groups were indistin guis hable 1n terms of final body

weight and iron intake, the advantage of animals at hemoglobin l eve l 11
is evident.

The gains in liver weight of seve rel y anemi c anima ls ,

however, do n ot correspond with the utilization of iron intake in that
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Hematinic response of an emic weanling male rats r ef l ected
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concentrations
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area, but instead suggest that these animals have initially utilized
ir on for the regeneration of hemoglobin rather than for restoration of
tissue iron stores.
To eliminate the possibility that variations 1n the amount of
dietary intake may have interfered with experimental resu lts, a
collateral study involving thirty animals was undertaken.

Identica l

proc edures were followed as those previously described, except that
all animals were bled to achieve a hemoglobin concentration of
approximately 6 g/dl.

Rats were divided into three groups to receive

daily 50 g, 65 g and 80 g repletion diet mix per animal .
repleted for 10 days.

Animals were

Table 10 shows that group three, with high e r

dietary intake, exhibited the expected growth-related manifestations.
The progressively superior iron intake of groups two and three (P<O . OOl)
was reflected in the r esultan t iron dependent factors as seen in
Appendix F, in terms of mg of final hemoglobin iron, mg hemoglobin iron
gain,

~g

liver iron/g liver weight, and hemoglobin gain, all at the

P<O.OOl level.

All other reference points, however, were found to be

not significant, including regenerat ion efficiency.

Similarly, 1n a

study of rats fed turkey meat with and without supplemental fat, Mahoney
et al. (1980) reported that though animals receiving supplemental fat
achieved a higher terminal hemoglobin concentration, regeneration
efficiency was approximately equal between the groups.

Dietary 1ron

i n take containing proportionally sufficient iron was therefore
eliminate d as a source of error.
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Table 10.

Effect of Feeding 5.0, 6.5, or 8.0 g Diet Daily for 10 Days on
Growth, Hematinic Response and Liver Iron in 30 Growing Anemic
Male Rats

Group 1
(50 g)

Group 2
(65 g)

Group 3
(80 g)

Body wt, initial (g)

78

77

75

Body wt, final (g)1

77

89

101

13

27

Body wt gain (g) 1

-2

Iron intake (mg) 1

1. 81

2.35

2.85

Hb, initial (g/ dl)

6.1

6.3

6. 1

Hb, final (g/dl )

11.1

11.0

10.9

Hb gain (g/dl)

5.1

4. 7

4. 8

Hematocrit, initial

22

23

23

Hematocrit, final

40

41

42

Hema t ocrit gain

18

18

19

Hb iron, initial (mg)

1.07

1.08

1.03

Hb iron, fina 1 (mg ) 1

1. 92

2.21

2.47

Regeneration efficiency

46.3

47.4

50.2

Liver wt (g)

4.827

5.275

3.724

Live r 1.ron (~g) 1

110.6

125.7

139.1

Liver 1.ron (J.ig/g)l

46.7

35.5

55 . 3

!significant differences noted.

See Appendix F for values.
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Discussion
I have previously alluded to the fact that the importan ce
of a percent blood volume constant is not recognized in the literature.
In fact, most research has involved a much larger range of animals 1n
terms of age and weight than has here been presented.

It would be a

distinct advantage to be able to arrive at consensus upon a percent
blood volume for the weanling rat as a percentage figure is necessary 1n
the correct calculation of initial and final mg hemoglobin 1ron, a
useful concept in ascertaining iron bioavailability.
Garcia (1957a) concluded that the pe r cent blood volume declines
continuously from a level of 7.2 a t birth to 4.4 at the age of 200 days.
Fernandez et al. (1966) described a net decline in percent blood volume
from 100 g to 300 g body weight of from 8.7 to 6.3.

Though Fernandez et

al . (1966) acknowl edged the weight differential and allud ed to the
presence of an adipose factor 1n the larger rat, he offered no
correction .

Constable (1963) on the other hand reported a rise 1n the

percentage of body weight ascribed to blood volume at 100 g, followed by
a steady decline thereafter .

His percentage plasma volume figures

ranged from 5.73 at birt h to an apex of 6 . 0 at 34 days, after which a
steady decline ensued with the 300 g rat registering 4 . 5 .

It 1s

possible that some conflicting results may be due to the fact that
plasma turbidity, interstitial seepage and plasma trapping were
igno red.
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A summary of percent blood volume determinations in the albino rat
is presented on Table 11 as reported in the literature.

Differences in

method and weight of experimental animal have been n oted.

In general,

it is evident that large, mature animals are associated with a lower
percent blood volume .

Research design wh ich does not provid e for dye

absorbance extrapolation appears to y ield a lower percent value, while a
design including no in vitro correction for blood volume yields a
slightly higher value .
When offered a diet containing sufficient quantities of iron in an
assimilable form (Subcommittee on Laboratory Animal Nutrition, 1978),
animals most severly depleted tended to increas e iron utilization
dramatically within the first five days.
The exigency of hemoglobin repletion 1s apparently the organism's
first priority, with a more than two fold increase in hemoglobin level
seen 1n rats most profoundly anemic.

By the lOth day of repletion,

animals have apparently reached a minimally acceptable hemoglobin
concentration of approximate ly 13 g/dl, and while continuing hemoglobin
in crement to some extent, appe ar to assign the priority for iron
utilization for hemoglobin synthesis t o the repletion of liver iron
stores .
Nearly normal subjects (Belche r and Harriss, 1957) exhibit a
regular growth pattern while those at level 7 did n ot appear to be able
to elicit the magnitude of response seen 10 more pr ofoundly anem1c
animals or to have the advantage of more replet e subjects.

The pattern

of iron utilization seen in this group follows that of more anem1c
animals, but appears to demonstrate

a

delayed response.

Table 11.

Percent Blood Volume Values in the Albino Rat as Reported in the Literature

Investigators

Method

Wt of animal

Mean percent
blood volume 1

Remarks

Cartland and Koch (1928)

Dyt.> diluti on
B. V. red

101-262 g
101-137 g

6. 7
7. 3

No extrapolation

Metcoff and Favour (1 944)

Dye dilution
Evans blue

137-336 g
41-68 g

7. 18
8.9

No in vitro correction

Garcia Cl95 7)

radio labelled 12-370 g
59Fe

7.2-4.4

No extrapolation
Hct not considered

Belcher and Harriss (1957)

Dye dilution
Evans blue

101-125 g

7.02

No extrapolation
5 minute mixing

Constable 0963)

Dye dilution
Evans blue

12.2-240 g
at 100 g

8.5-7.1
7.5

4 minute m1x1ng

Fernandez et al. (1966)
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Cr
and r 131 100-300 g
radio labelled

7.6

No in vitro correction

This study

Dye dilution
Evans blue

7.5

!Range of pe r cent blood volume given where mean is not available.
VI
():)
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USING REGENERATION EFFICIENCY AND SLOPE RATIO METHODS TO COMPARE
THE EFFICIENCY OF CONVERTING DIETARY IRON INTO
HEMOGLOBIN
Introduction to the Problem

Cereals provide the largest single source of iron in the majority
of the world's diets (Conrad and Barton, 1981).

In the Western world,

cereals comprise one-third of the total calories and iron in the typical
diet, most of which is in the form of flour or breadstuffs (Elwood,

1963).

When ingested with starches such as wh eat flour, maize, rice or

pasta, however, iron is generally poorly available (Morek and Cook,

1981) .

As an estimated two thirds of the original iron is r emoved from

cereals 1n the milling process, enrichment of cereal products is an
important consideration, despite low availability, simply because of the
prevalence of these produc ts (Federal Register, 1973).
Forms of 1ron enr i c hmen t vary wi dely, though it is estimated in the
United States that 90% of wheat based foods (including pasta), 75% of
corn products and 66% of all rice is enriched .

Reduced forms (of

metallic iron) are favored in cereal products except for pasta and r1ce
whic h are more often ferric orthophosphate enri ched ( Ranum and Loewe,

1978) .
Though a cce pted 1n the West, iron enrichment has not received
universal approval.

In a study of rats suffering from protein-energy

malnutrition, Olusi and McFa r l ane (1978) noted t hat a t h erapeutic do se
of 65 mg/kg iron pe r day resulted in conjunctivitis and bacterial
pathologies involving escherichia coli, streptococcus faecalis,
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staphylococcus aurea and streptococcus haemolyticus .

These observations

support the conclusions of the human study performed by McFarlane et al.

(1970) and may contraindicate the use of iron supplementation 1n areas
of the world where children are subject to kwashiorkor.
Both graphic and mathematical methods have been used to interpret
results of iron utilization experiments.

Literature Review
Dietary sources of supplemental 1ron

In early assays of iron bioavailability using the anemtc rat model,
the superiority of ferrous sulfate was evident (Street, 1943).

That

substance wa s found to be twice as available as sodium iron
pyrophosphate, a form of iron enrichment whi ch has
popularity to reduced iron forms.

~ecently

yielded

Blumberg and Arnold (1947) in a rat

assay of bread fortified with ferrous sulfate and ferric orthophosphate
concluded that the latter was less than 25% as available as the former.
In more current research ferrous sulfate is found to be quite available,
but reduced forms vary in the intermediate availability range and that
ferric orthophosphate enriched sources, though variable, tend to be poor
to intermediate in bioavailability (Waddell, 1973).

Though generally

rated lowest, ferric orthophosphate's tendency to be influenced by
dietary components has led some to believe that its u sefulness has been
underestimated (Bing, 1972).
The importance of wheat flour in the Western diet brought the
enrichment of that particular source into early prominence.

The iron

content of white flour is reduced by 60 to 70% 1n milling (Elwood et
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al., 1968) which, in Canada, Britain and the United States is generally
restored to between 29 and 36 ppm by th e addition of electrolytically
reduced iron or ferric orthophosphate (Ranum and Loewe, 1978; Hinton
and Moran, 1967).

A level of 40 ppm has been proposed as optimum by

Finch and Monsen (1972).

As the presence of phytate and fiber in bran

is assumed to reduce iron potency in whol e wheat bread (Ranhotra e t a1.,
1979; Reinhold et al., 1975), enriched whit e bread seems to be more
readily influenced by other dietary components, which may enhance or
depress absorption.
A frequently recommended method of increasing i r on absorption is
the addition of ascorbic acid in the diet (B ris e and Hallberg, 1962;
Moore et al . , 1940; Layrisse et al., 1968).

Ascorbic acid seems to be

more efficacious in the utilization of ferric salts or dietary
components than with ferrous sources (Grebe et al., 1975).

When the two

salts we re adminstered alone, the ferrous salt had an eight fold
advantage over the ferric salt.

When administered with a meal, however,

the ferrous form had only a two fold advantage.

When both salts were

administered with a meal ~n the presence of 600 mg ascorbic acid, the
ferric salt was absorbed equal to 75% of the ferrous salt.

While doses

up to 600 mg as corbic acid did not significantly increas e ferrous
sulfate absorption, the ferric salt was much more sensitive to the
addition of ascorbic acid.
Ascorbic acid also seems to enhance the absorption of iron in eggs
as demonstrated in a human study using labelled iron (Callender, 1971).
Derman et al. (1977) reported that adding 50 to 100 mg ascorbic acid to
a maize porridge with a radio1abelled ferric iron supplement increased
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absorption up to ten fold.

The addition of ascorbic acid also appears

to overcome the negative effect of tannic acid in tea, which, when
administered without ascorbic acid tends to reduce iron utilization by
one - half.

These findings have significant implications in the effort to

reduce human iron deficien cy .
There is agreement in the gene ral superiority of iron salts over
dietary sources (Hussain et al., 1965).

Though Steinkamp et al. (1955)

listed ferrous sulfate and ferric orthophosphate as being similar, most
authors disagree .
Amine et al . (1972) observe that ferric orthophosphate is t wic e as
available in the rat as in the chick and also that the source varies
widely in its utilization .

Though generally the salt alone is more

potent, Amine et al. (1972) actually found a rict fortification mixture
containing fe rric orthophosphate to be more available than the salt.
Electrolytic iron has been purported to be the best available
elemental iron source now commonly used in cereal products (Anderson et
al., 1974) due to its smaller particle size when compared to hydrogen or
carbon monoxide reduced forms, though the carbonyl particle ha s future
promise .

Particle size has been suggested to be a very important factor

(Shah et al., 1979; Hoglund and Reizenstein , 1969; Pla et al., 1973).
In vi tro solub ilit y tests, in which samples were prepared in 0.2% HCl
using four discrete time intervals hav e correlated we ll with particle
size and relative potency (Motzok et al., 1975) and is a pos sible
predi ction model for bioavailability.

Though th e measurement of s urface

area as a prediction factor has been disputed, there may be a
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relationship between surface area, density and porosity which may
influence bioavailability of elemental iron powders.
Moisture can cause oxidation in dietary sour ces containing
elemental iron.

Age of the product from time of manufacture can

progressively increase the chance that these forms will oxidize and form
insoluble complexes (Fritz and Pla, 1975).
Heat and pressure involved in the manufa c turing process may be
detrimenta l or may enhance iron availability from elemental iron
powders, results varying with the dietary components present in the
cereal (Pennell et al., 1976; Motzok et al., 1975).

The multiplicity of

manufacturing variables r enders true evalua tion of iron availability
comparisons extremely difficult .
Reduced iron added a s a supplement also presents technical
difficulties.

-

There are many reactions in wh ich iron is the ca talyzing

agent or 1n which iron is consumed as a reactant.

These chemical

reactions often invo lve sulfur compounds which produce black insoluble
deposits lending a gray cast to the food (Ranum and Loewe, 1978).

The

undesirability of this tendency is particularly evident in semolina and
has influenced past manufacturers to select the more stable ferric
orthophosphate.

Iron is known to accelerate the oxidation of ascorbic

acid, rendering it inactive before consumption.

Elemental iron present

also may catalyze the autoxidation of unsaturated lipids producing
unpleasant flavors and resulting in the nutritional loss of
beta-carotene and the t ocophe r o l s .
Hydrogen reduced iron with its commonly larger, less porous
particle is very dense, producing less st a ble blends in flour and
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rendering it unsuitable for the c ontinuous bread process (Anonymous,

1975).

Hydrogen reduced 1ron has, however been successfully used 1n

commercial cereals.

Reported methods of analysis
Since a reliable indication of the body's use of iron is predicated
upon iron intake of the organism, factors affecting that intake such as
time of depletion and repletion as well as the level of dosage should be
considerations when establishing a protocol.
Of those authors utilizing pure dietary depletion in the curative
assay, intervals vary from the five week interval of Rotruck and Luhrsen

(1979) to the 21 day depletion used by Fritz et al. ( 1970 ).

Standard

AOAC methods (Official Methods of Analysis, 1980) recommend four weeks
based on the supposition that if weanling rats are fed a diet containing
only 8 ppm iron, within one month the hemoglobin level will decrease to
between 5 and 7 g/dl and will remain stable as long as no other source
of dietary iron is present (F inch et al . , 1976).

This theory appears to

be valid also in Regeneration Effic i ency method experiments in whi ch a
seven day depletion interval also utilizing phlebotomy is used (Cardon
et al ., 1980).

The subsequent supposition that when approximately 35 mg

ferrous sulfate/kg diet is added to the previous low iron diet, normal
hemoglobin level s of 14.6 g/dl will result after repletion (Finch et
al., 1976) also appears to be substantiated in this research.
Miller (1977), in evaluating compatibility of results with slope
ratio methods, found the best dose respon se correlations for repletion
da ta to be between seven and eleven days.

Diets in whi c h l ong repletion
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periods such as in the procedure of Ranhotra et al. (1971) which was
30 days, and those employing extremely high doses run the risk of
saturating the iron absorption mechanism and producing prejudiced
results (Miller, 1982a).

Rats sutjected to a repletion interval of

longer than five weeks also tend t o lose their ability to distinguish
between coarse (27 to 40 microns) and medium sized (14 to 19 microns)
elemental iron particles (Miller, 1982a).
Of the several methods available for assaying relative potency of
iron 1n animal models, the radioassay method is generally discarded
because of the likelihood that results may err on the positive side, as
iron contaminants in the diet may become labelled with the test dose.
While Official Methods of Analysis (1980) indicates the Parallel
Lines technique of Bliss and White (1967), many authors disagree with
the appropriateness of that technique, suggesting that the Slope Ratio
method of Finney (1964) is more compatible with data and more practical
in the evaluation of hemoglobin repletion, particularly when doses
contain the lower levels suggested in the Official Methods of Analysis
(Amine and Hegsted, 1974; Miller, 1977; Rotruck and Luhrsen, 1979).
According to Finney (1964), dose response lines when studied over a wide
range of response have a tendency to be sigmoid, making the Parallel
Lines method of interpretation more useful for doses approaching the
upper limits of the response range .
Though the work of Fritz et al. (1970) was instrumental in the
original adoption of the Parallel Lines method by the Association of
Official Analytic Chemists, by 1975 his laboratory was finding both
methods of equal use (Fritz and Pla, 1975).
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Several authors (Amine et al., 1972; Miller , 1977), while retaining
a preference for the Slope Ratio technique as being more consistently
reflective of their re sults, have discarded the notion of forcing lines
through a common zero point intercept, proposed as the theoretical ideal
by Finney (1964), and have instead calculated slope independently .
A difference of opinion exists as to which parameters should be
utilized as ordinates in performing both Parallel Lines and Slope Ratio
assays.

Early attempts commonly utilized dos e level coordinated with

final hemoglobin concentration (Fritz et al . , 1970).

Hemoglobin gain

~s

favored as one ordinate by Miller (1977) over the final hemoglobin value
since the concept of gain allows for relative initial hemoglobin
differences among individual subjects.

Because biological control of

hemoglobin synthesis is not identical with that of r e d cell production,
individual variation in specific response to dietary treatment is a
factor which must be considered.
The Regeneration Efficiency method (Greenberg et al., 1957; Mahoney
e t al., 1974; Cardon et al., 1980) takes into account actual iron intake
and hemoglobin gain as well as growth and blood volume variables .
Though Rotruck and Luhrsen (1 979 ) did not actually calculate hemoglobin
regeneration in their work, they agreed to the principle that the
eff iciency of the conversion of dietary

~ron

into hemoglobin was one of

central importance and accordingly attempted to modify their Slo pe Ratio
nethod to reflect dietary intake, a trend als o observed in the work of
1iller and Schewfelt (1977).

Anderson et al. (1 974) use a ca l c ulation

1nalogous to that of determining regenerat ion efficiency .
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The concept of a single dose to evaluate 1ron utilization is not
unique to Regeneration Efficiency methodolgy, but was al so advocated by
Pla and Fritz (1 970) in their search for a less lengthy, more ef ficen t
method of assay .
Regeneration Efficiency as a Strategy for Determin ing Iron
Bioavailability
Experimental procedure
80 albino weanling male Sprague-Dawley rats (Simon sen Laboratories,
Gilroy, CA) were used to determine bioavailability of five iron sources
using the Regeneration Efficiency method.

Animals were housed

individually in stainless steel cages and maintained in a temperature
controlled environment.
Upon arrival, ten animals were sacrificed.

Hemoglobin

d e terminations using duplicate samples of fresh blood were accomplished
by the Cyanmethemoglobin method (Appendi x B) (Crosby et al., 1954) and
hematoc rit was determined by centrifugation.
blotted dry and weighed .

Livers were extracted,

Liver samples were then dessi cated, charred

and ashed in a muffle furnace at 500°C.

The r esidue wa s solubilized in

6 N HCl and diluted to determine liver iron content by atomic absorption
spectrophotometry.
The remain ing 70 animals were o ffe red a basal diet (Appendix A)
with an iron content of 10.1 ppm for the depletion i n terval of seven
days .

On

the se cond and fourth days, approximately 0.7 ml blood was

extracted from each subject by means o f a heparinized capillary tube
inserted into the retro-ocular capillary bed.

A stabl e anemic leve l of
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5-6 g/dl hemoglobin was thus achieved by the seventh day of the
depletion interval.
Following depletion, 10 randomly selected animals were selected and
analyzed in an identical manner.
Body weight, hemoglobin and hematocrit values for the remaining
60 animals were determined according to previously mentioned procedure s .
These animals were then assigned to six groups of 10 animals each in an
attempt to achieve relative homogeneity in hemoglobin and body weight
values within each experimental group.
During the following 10 days, a repl etion diet of approximately 10
g/ day (accounting for orts and spillage) was offered to all animals,
with deionized water available ad libitum.

One group, selected as the

zero control was continued on the basal depletion diet (Appendix A)
throughout repletion .

The remaining five grou rs received the basal diet

supplemented with one of five iron sources so that the dietary iron
content was approximately 35 ppm .
seen in Table 12.

Actual repletion diet preparation 1s

Two sources were reagent grade iron salts:

ferrous

sulfate, which is generally rated high in iron bioavailability and used
as a reference standard , and ferric orthophosphate which is generally
assigned a lower value (Fritz et al., 1970). Commercial cereal comprised
the supplemental iron source .
mixed

cereal~

The commercial cereals

for baby, and Quick

Malt-0-Meal~

Total~,

Ge rber

comprised the

supplemental iron sources for the last three diets.

The cereals

represented the three most widely used commercial iron enrichment
sources currently found in ready-to-eat and cooked cereals:
electrolytically reduced iron, hydrogen reduced iron and ferric
orthophosphate.

Atomic absorption spectroscopy was used to
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Table 12 .

Di et

Preparation of Supplement to Basal Die t Used 1n Regeneration
Efficiency Assay of Iron Bioavailabil i tyl
Iron Source2

ppm3

g cer e a l 4

g 1ron sa l t 5

~

Total®

34 . 0

39 . 351

A
G

Ger ber®

35 . 1

39. 705

Malt-0-Meal®

34 . 0

69 . 671

4

FeP04 · 2H20

34. 0

1. 80

5

FeS04•7H20

34.7

2 . 69

1
2
3

1sasal diet found in Appendix A.
2Iron content of cereals (~g Fe/g cereal): Total= 683 . 6 (Lot F
1162), Gerber®= 677 . 5 (Lot 07 Oct 83 C2), Malt-0-Meal® = 386 . 1
(Lot 1295) .
3Iron content of diet in parts per million as determined by atomic
absorption spectrophotometer.
4Amount of cereal added per kg basal diet at the expense of corn syrup
solids.
5Amount of 1ron salt added per kg mineral m1x at the expense of corn
syrup solids .
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determine actual iron content of each cereal source .

Known iron

concentrations were then used to calculate the amount of each ce real to
be added to the repletion diets in order to achieve the desired 35 ppm
1ron level in the prepared diet.
At the conclusion of the 10 day repletion period, body weight,
hematocrit and hemoglobin figures were noted, and animals were
sacrificed by decapitation.

After blood drainage was accomplished,

livers were removed, weighed and analyzed for iron content .

Iron

regeneration efficiency values were then calculated for each animal
according to the formula presented on page 37.
Apparent iron absorption was determined by fecal analysis.

Feces

were collected for seven days and ashed in a muffle furnace at 500° C.
The ash was solubili zed in 6N HCl and diluted for analysis by atomic
absorption spectrophotometry.

Apparent absorption was then calculated

as ingested iron less iron in feces divided by ingested iron x 100.
Results were analyzed according to analysis of var1ance (Snedecor
and Cochrane, 1967) and the least significant difference test (Steel and
Torrie, 1960).

LSD values were determined when F values indicated that

differences were significant at the P<0 . 05 level (Sokal and Rohlf,
1960).
Results and analysis

Animals experimentally repleted using the Regeneration Efficiency
method received a diet containing an optimum amount of iron (35 ppm)
(Subcommittee on Laboratory Animal Nutrition, 1978) to provide for
normal growth 1n the rat.
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Data from repletion results are presented in Table 13.

Though

animals in all groups seemed to exhibit a similar gain in body weight,
hemoglobin gains among the experimental animals appeared to differ
according to iron utilization patterns.

Hepatic indicators (Table 14),

though apparently reflecting the utilization of iron from dietary
sources were not significantly differentiated .
No statistical significance was noted among any initial values
(Appendix G) or in iron intake among the various repletion diets,
however, ferrous sulfate clearly produced a superior response in every
instance followed by ferric orthophosphat e.

The three cereals as

dietary iron sources produced a lesser hematinic response, however when
these commercial sources were examined according to least squares
difference methods, none proved to be significantly dif ferent from
ano ther in any case.
The effect of depletion by phlebotomy is presented in Table 15
which compares the physical condition of animals on arrival in the
laboratory at 23 days of age with that of animals after depletion, seven
days later.

Though hemoglobin and hematocrit are reduced, the wean ling

animals appear to reflect normal growth patterns with the exception of a
slight reduction in liver iron, which according to the data in Table 14
appears to have been restored after a 10 day repletion interval on an
optimum diet.

Discussion
Though no significant differences were observed 1n the amount of

Table 13. Repletion Re s ponse after 10 Days in 60 Growing Anemic Male Rats Analyzed by the Regeneration
Efficiency Assay of Iron Bioavailabilityl

~ 1 {3

w

Diet

t1

_)!!~

c

Low-iron2

3

4

5

!1ffa MQ
J

~ ffJ,lI

res~~

7

Body wt, initial (g)

81±11

81±11

81±10

81±6

82+9

Body wt, final (g)

121±12

115±20

118±10

125±10

124±8

115±17

Body wt gain (g)

40±7

34±16

37±8

44±7

42±4

35±9

Iron intake (mg)

3. 24±0. 23

3.08±0.40

3. 09±0. 22

3.19±0. 26

3.21±0.14

0.91±0.26

Hb, initial (g/dl)

6.1±0.6

6.0±0.7

5.9±0.5

5.8±0.7

5. 9±0. 6

5.9±0.7

Hb, final (g/dl)3

9. 4±1. 0

9. 2±1. 4

8.6±0.9

9.5±0.9

11. 2±0. 9

9. 2±1. 3

Hb gain (g/dl)3

3.4±0.7

3. 3±1. 5

2.7±0.8

3.7±0.7

5.2±0.7

o. 4±1. 2

Hct, initial

26±4

26±4

25±3

25±4

25±3

26±3

Hct, final3

38±4

37±5

35±5

38±3

44±2

32±19

Regeneration efficiency3

45.0±7.2

44. 7±11. 2

40.3±9.6

50.4±5.7

62.8±5.9

52. 7±28 . 3

Apparent absorption3,4

79 , 9±2. 0

80.0±4.0

7..?
. 8±6. 4
S :l , l

78.8±5.5

88.0±4.0

78.8±6.9

35.1

34.0

34 : 0

34.7

10.1

~-

•1

34.0

S t- I

80±10

1~ iets: 1) Total~, 2) Gerber mixed cereal~, 3) Malt-0-Meal~, 4) ferric orthophosphate, 5) ferrous
sulfate.

2Basal diet (Appendix A).
3significant differences noted.
4Apparent iron absorbed

See Appendix G for values.

= iron (ingested) - iron (feces)/iron (ingested) x 100.

-.J
N

Table 14 .

Summa r y of Liver Response after Repletion for 10 days in 60 Growing Anemic Rats Analyzed by the
Regeneration Efficiency Method!

Diet Numbe r
Liver wt (g)
Liver iron

(~g)

Live r iron (ug/g)

1

2

3

4

4.217±0 .550

3 . 897±0.691

3.935±0.672

4 . 332±0.601

4 . 343±0 . 577 1.17

0 . 338

ns

172.8±34. 0

172 . 2±38.0

166.2±41 . 6

179.4±19.5

206. 4±44 . 4

1. 75

0.156

ns

41.1 ±6.7

44 . 6±7 . 7

42 . 3±9.2

41.8±4.8

47 . 7±11. 1

1. 02

0.405

ns

5

F ratio

P value

tsn2

lnata pres ented by diet number: 1) Total®, 2) Gerber mixed cereal®, 3) Malt-0-Heal® , 4) ferric
ort hophos phate, 5) ferrous sulfate .
2teast significant difference at the 0 .05 level.

.......

w
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Table 15.

Body Weight, Hemoglobin, Hematocrit and Liver Values Upon
Arrival and After Depletion According to the Regeneration
Efficiency Assay Method 1
Arrival2

Depleted)

P value

LSD /0 .05

Body wt (g)

52±7

80 ±16

<0 .00 1

14.4

Hemoglobin ( g/ d 1)

10. 3±0. 6

6. 3±1. 4

<0 .001

1.17

Hemat ocrit

36±2

25±4

<0.00 1

3.7

Liver wt (g)

2. 469±0. 277

2. 769±0.646

0 . 197

ns

Liver iron (IJg/g)

49.5±9.0

39.1±12.1

0 . 043

10.11

I Depletion consisted of bleeding approximately 0. 7 ml on the second and
fourth days and feeding of a low-iron diet.
2Mean value and standard error for 11 rats at 23 days of age.
3Mean value and standard error for 10 rats at 30 days of age .
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~r on

intake consumed by any group, it is noteworthy that animals

r eceiving the cereal Total®, containing hydrogen reduced elemental 1ron,
~

did consume more iron than any other rats, (Table 13).

Though the

smaller particle size, greater porosity and surface area of the
electrolytic source (Gerber®) would logically result in an absorption

---------------

advantage (Shah and Belonje, 1973; Motzok et al., 1975), the higher
dietary intake of Total®-fed rats may have influenced regeneration
efficiency values.
Fritz and Pla (1975) suggest that the bioavailability of
electrolytic iron of an average 20 micron particle size is 75 percent
(using ferrous sulfate as the reference at 100) whereas that of a
hydrogen reduced iron of the average particle size 44 microns is only

34 percent.

The fact that hydrogen reduced iron is also greatly

variable in bioavailablity results of many laboratories (Fritz et al.,

1970; Motzok et al., 1975)

~s

perhaps also due to its in stability wh en

exposed to moisture and other dietary components and can thus be
adversely affected by age of the

~u~

since manufacture (Ranum and

Loewe, 1978), a factor seldom considered as a variable in published
research.
Regeneration efficiency values shown in this experiment (Table 16)
appear to be similar with other studies (Ranhotra et al., 1971), though
dietary and manufactur ing variales may tend t o elevate the commercial
sources somewhat (Bass, 1974).

Mahoney et al. (1974) reported an

eff icien cy value of 51 . 0% for the reference ferrous sulfate.
evident tha t ferrous sulfate suffers deterioration

~n

It

~s

storage, a factor
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Table 16.

Relative Potency of Iron Salts and Commercial Cereals as
Determined by Regeneration Efficiency Assay

Iron Source

Composit ion

Ferrous sulfate

FeS04 • 7H20

62.8

100

Ferric orthophosphate

FeP04•2H20

50.4

80.3

Gerber mixed cereal®

Electrolytic

44. 7

71. 2

Ma lt-0-Meal ®

Ferric orthophosphate

40.3

64.2

Total®

H2 reduced

45.0

71.7

Regeneration
Efficiency!

!calculated value .
2using ferrous sulfate as reference (ferrous sulfate

100.00).

Indexed2
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which may have some bearing .

Mah oney ' s calculation of regeneration

efficiency values from th e data of var1ous authors (Mahoney et al . ,

1974; Mahon ey and Hendricks, 1982) included the followin g from th e
research of Shah and Belonje ( 1973 ):

64.0 for rats replet ed on 33 ppm

ferrous sulfate and 57 . 0 for those repl e ted on 49 ppm ferrous sulfate .
Those figures seem to be similar to values d etermined in thi s research .
Regeneration efficiency figures for processed cereal sources seem
to be similar to those reported by Ranhotra et al. (1971 ) in which
en riche d bread containing ferric orthophosphate, electrolytically or
hydrogen r educed iron was offered to rats.

The average for the 0 to 30

day figu res for ferric orthophosphate enriched bread wa s 67.6.
electrolyt i cally reduced bread averaged 67 . 9.

The

In that case, as in this,

sources had be en baked after the addition of iron and results tended to
be more uniform than earlier r esearch would have led one to expect.
Ranhotra et al . (1971) contended that the baking process did in fact
eleva te potency ratings .

Slope Ra tio Assay as

a

Strategy for Determining Bioavailability
of Iron

Experimental procedure

128 wean ling male Sprague-Dawley rats (Simonsen Laboratorie s ,
Gilroy CA) were received as part of the identical shipment whi ch
included animals to be analyzed by Regeneration Efficiency methods.
Animals were housed individually in stainless steel cages and kept 1n
the same temperature controlled room as those described in the
Regeneration Efficiency experiment.

Arrival condition and
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environment wer e thus elimina ted as a source of potential difference 1n
compar ing result s of the two methods.
Animals were offered a low iron basal diet (Appendix A) in
accordance with the Relative Biological Value method as outlined by
Fritz et al. (1970), these an imals were not bled, but depleted by low
1ron diet for 28 days after which body weight, hemoglobin and hematocrit
were determined .

Animals were grouped in an effort to preserve

homogeneity in hemog lobin concentration and body weight, eight animals
assigned to one of sixteen groups.
prepared:

Accordingly, 16 repletion diets were

three progressively iron-enriched levels of each iron source

and one low-iron diet to be used as a zero control .

Iron sources were

identical to those used in the Regeneration Efficiency method
experiment .

Proportional preparations for the three levels of each iron

salt and dietary source are found on Table 17 .
At the conclusion of the 14 day repletion period, body weight ,
hematocrit and hemoglobin concentrations were again recorded.
were then sacrifi ced by decapitation.

Animals

After blood drainage was

accomplished, livers were removed, blotted, and weighed and analyzed for
iron content .
Hematological responses were noted for each level of each diet and
results by level were analyzed according to analysis of variance
(Snedecor and Cochrane, 1967) and the leas t significance difference test
(Stee l and Torrie, 1960).

Least significant difference values were

calculated when F values were significant at the P<0.05 level (Sakal and
Rohlf, 1960).
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Table 17 .

Preparation of Supplement to the Basal Diet Used 1n the AOAC
Method for Assaying Iron Bioavailability 1

g cereal)

Iron source

g iron salt4

Low iron diet
12.5

5.705

Gerber mixed cereal®

11.4

5. 75 7

Malt-0-Meal®

12.0

10.101

11.2

0.26

12.0

0.39

Intermediate 1ron diet
Total®

20 . 8

17.408

Gerber mixed cereal®

20.3

17.565

Malt-0-Meal®

18 . 9

30 . 821

19.5

0.80

23 . 5

1.19

High iron Diet
Total®

21.7

23 .259

Gerber mixed cereal®

23.0

23 . 469

Malt-0-Meal®

21.9

41.181

FeP04• 2H20

25.0

1.06

FeS04· 7H20

26.8

1.59

lsee Appendix A for basal diet .
2 I r on content of source 1n ppm as determined by atomic absorption
spectrophotometer .
)Amount of cereal added pe r kg basal diet.
4Amount of iron salt added per kg mineral mixture.
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Regression of hematological response on ferrous sulfate intake was
calculated for each dietary iron source on iron by the parallel lines
technique described by Bliss and White (1967).
The relative potency of each test source was also calculated by
means of the slope-ratio method described by Finney (1964) in which
regression lines and slopes for parameters of all dietary sources are
calculated independently with no assumption being made about the point
of intersection of the regression line with the axes.

Slope ratio

regression lines were calculated for hemoglobin gain versus iron intake
and dietary Lron concentration, the two most widely accepted parameters
for determining relative biological value.

The slope of each di e t

is us ed to calculat e r e lative availability of each source using ferrous
sulfate as the r e f e r e n ce substanc e .
Results and analysi s
Re p le tion r e sponses of animals in all levels receiving di e ts l-5
are r e ported in Tabl e 18.

Visual inspection reveals an increasing

hemoglobin and herr oglobin iron response accompanied by increasing iron
intake in the case of progressively enriched iron sources .
In the case of liver iron concentration it is notable that for
every source, the lowest dosage level produces livers with the highest
iron content.

These same low-dose animals exhibit poor hemoglobin iron

gain, suggesting that dietary 1ron insufficiency influences the subject
to preferentially absorb iron in body tissues rather than as hemoglobin.
This result provides a contrast to results from animals which had been
depleted by phlebotomy rather than by a four week dietary method.

Table 18 .

Repletion Rts ponse After 14 Days in 120 Growing Anemic Male Rats Analyzed by the
AOAC Method for Assay i ng Iron Bioava i labilityl

Diet 1

Die t 2

/3

1

Diet 3

Diet 4

Diet 5

J

~1

l '-

B ody wt, initial ( g)

159

180

180

169

175 183

166

174

184

165

175

174

166

177

175

Bcxly wt 1 final (g)

193

226

226

206

218

229

202

225

221

207

225

225

210

226

231

I ron intake ( mg )

2.04 3.99 4 .09

2. 01 3. 76 4. 41

2.01 3.49 4 . 09

1. 84 3. 72 4. 75

2.15 4. 63 5.26

Hb, final (g/dl)

6.1

9.4 10.2

6.3

9.4

11.0

5.9

8.8

9.5

6.4

9.8

11.5

7.2

12 . 0 12.9

Hb gain (g/d1)

0. 4

3.1

o. 7

2. 9

4.5

0.2

2.7

3. 4

0.7

3. 7

5.2

1.5

5. 6

3.3

,c<J ._.,.." z. )

:Jl..:"'( L, 'Ji'

,f>/ :z,o1 .z. •.z.?

• ?7 "L ,~)' ..... 2.

6.5
'l,;f--'

Hb iron gain ( g)

0 .19 0 . 67 0. 71

0 . 24 0 . 62 0 • 89

0 .17 0 • 61 0 . 68

0 • 26 0 • 76 0 . 99

I•J..7

.J,>'

0. 38 1.06 1. 24

Hct, final

26

28

26

27

30

43

Liver wt (g)

5 • 77 6 • 61 6 • 76

6 . 40 6 . 91 6.95

6.117.046.78

6 • 39 7 • 26 7 • 17

6.39 6 . 61 7.14

Liver iron 4.1 g/g)

46. 1 41. 6 48 • 9

47. 4 41. 4 47. 7

50.3 46.9 47.4

47. 4 47. 3 46. 5

46.6 44.2 4S.7

Appare.nt absorption

71.8 59.6 53.6

70. 7 61. 2 59 . 5

60.8 61.6 53.9

64.0 72.0 62.3

78.6 79.4 74.6

Total diet iron ~g/g)

12. 5 20.8 21.7

11. 4 20.3 23 . 0

12 . 018.9 21.9

11.219.5 25 . 0

12 . 0 23.5 26.8

c: f?# · ~
.__fl.""""

37

38

...

-<" 7
l

,Q;O

36

41

/''"]
..

"'

35

38

~-

38

42

/'n

loleta: 1) Total•, 2) Gerber mixed cereal•, 3) Malt-O-Meal•, 4 ) ferric orthophosphate , 5) ferrous sulfate .
for each diet represent 1a*, intermediate and hi gh i ron concentrations respectively.
2Apparent iron absorption= iron (ingested) - iron (feces)/iron ( ingested ) x 100.

47

:7~

figures

00

......
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This trend seems to r eve rse, however, in animals receiving intermedia t e
dosage.

Liver weight seems to increase with dosage except for the case

of the two ferric orthophosphate sources, which exhibit highest liver
weigh t increment at the intermediate dose.

This pattern is reflected 1n

the body weight gains for these animals as well.

Whether the cause lies

with individual differences or is inherent in the food source 1s
unknown .

In any case, the difference is slight as none of the liver

parameters actually proved to be statistically significant (Appendix H,
I and J) at any dosage level.

The wide variability of ferric

orthophosphate absorption in the rat may well be an avenue for future
scrutiny.

Pennell et al. (1976) noted the fact that ferric

orthophosphate utilization varies greatly between rat and chick models,
the former being able to make far better use of t he source.
In statistical summaries of all experimenta l dietary iron
concentrations and sources (Appendix H, I and J), the superiority of
ferrous sulfate in producing hematinic response is evident .

Both 1ron

salts consistently lead dietary cereal sources in all significant cases .
Parameters producing statistically different values are identical for
all iron concentration levels with the exception of the significance of
intermedi ate dosage apparent absorption, possibly reflecting the large
intermediate dose response of animals receiving both forms of ferric
orthophosphate.

Ranhotra et al.

(1971) indicate that while initial

response of animals receiving ferric orthophosphate is lower than the
reaction of subjects to reduced iron sources, the response curve seems
to be biphasic with a more effective absorption after five days,
yielding, in effect, an essentially equal r es ponse amon g the three
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dietary iron sources in bread:
iron and hydrog en reduced iron.

ferric orthophosphate, electrolytic
This effect may account for the higher

bioavailability observed in this research.
Data were first analyzed using the Slope Ratio assay of Finney
(1964) recommended by Amine and Hegsted (1974), as more accurate for use
in low iron doses.

The relationship between hemoglobin gain and dietary

iron concentration parameters used by Amine et al. (1972) wa s plotted
(Figure 10).

Another plot was accomplished using hemoglobin gain and

iron intake (Figure 11) as had been used by Ranhotra et al. (1971) and
Anderson et al. (1974) .

In the first case (Figure 10), ferrous sulfate

gave the highest slope of sources tested, showing an increase of 0.370 g
hemoglobin/100 ml for every mg iron i n the diet.

Assuming this figure

represents the maximum response, bioavailability of other sources wa s
calculated by comparison of the dose response slope line relative to
that of ferrous sulfate.

Results are presented on Table 19 .

Intake response regression slopes are presented in Figure 11 and
values compared with dose response, also r ecorded in Table 19.

When

intake is used as a criterion, relative biological values are generally
higher (Miller, 1982b) with an advantage given particularly to the H2
reduced and ferric ort hophosphate based cereal sources.

These two

sources are highly variabl e according to Grebe et al. (1975).
The Parallel Lines method (Bliss and White, 1967) used by Fritz et
al.

(1970), but considered less satisfactory by others (Amine and

Hegsted, 1974; Miller, 1977) was also used to plot results.

Iron

intake (mg) and hemoglob in gain were selected as ordinates (Figure 12).
Using ferrous sulfate salt as the reference, values for each dietary
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Independently calculated regression of dietary iron
con cen t ra t ion on hemoglobin gain for each of the iron salts
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Independently calculated regression of iron intake on
hemoglobin gain for each of the iron salts and cereals
tested!

lEach point represents the mean of eight animals.

Table 19.

Relative Biological Value of Iron Salts and Cereals as Determined by Dietary Iron Concentration
Respons e and Dietary Iron Intak e Response Using the Slope Ratio Assay

Iron source

Composition

Dietary iron
concen tr ation res pons e 1
Slope
RBv3

Dietary iron
intake response2
Slope
RBV

Ferrous sulfate

FeS04·1H20

0.370

100

1.77

100

Ferric orthophosphate

FeP04 • 2H20

0.340

91.9

1. 66

93.8

Ma lt-0-Mea l ®

Ferric orthophosphate

0 . 293

79.2

1. 47

83.1

Gerber mixed cereal®

Elect rolytic

0 . 312

84 . 3

1.56

88.1

Total®

H2 reduced

0 . 290

78.4

1.40

79.1

lordinates :

hemoglobin gain (g/100 ml) and dietary iton concentration (~g/g) .

2ordinates:

hemoglobin gain (g/100 ml ) and iron intake (mg) .

3Relative biological value:

pot ency rela tive to fe rrous sulfate .
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source appear to be simi lar to those obtained using the Slope Ratio
method (Table 20).
Table 20.

Relative Biological Value of Iron Salts and Cereals
as Determined by Parallel Lines Assay

Iron source

Composition

Relative
Biological Valuel

Ferrous sulfate

100

Ferric orthophosphate

93.3

Gerber mixed cereal®

Electrolytic

87 . 9

Malt-0-Meal®

Ferric orthophosphate

83. 7

H reduced
2

80.7

!Based on hemoglobin gain (g) and iron intake (mg) as ordinates .
Comparison and Discussion of the Two Techniques
While some modifications of graphic assays using Slope Ratio or
Parallel Lines methods allow for differences in dietary intake rather
than reflect mere dosage amounts, those efforts may yet be insufficient
as many variables intervene in the evaluation of repleting animals.
Particularly when considering the hemoglobin repletion dynamics of the
rapidly growing weanling rat, the relationship between hemoglobin
repletion and physical growth is important.

The protein quality of the

diets offered, chemical opportunit ies presented by varying dietary
components, ca l oric density of nutrients and even palatability 1n test
diets can produce the beneficial or detrimental effects upon growth in
terms of weight gain, blood volume and the actual benefit r eceived from
the dietary iron by the organism (Mahoney et al., 1979), it would seem
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more advantageous to utilize the Regeneration Effic ien cy method of assay
which considers t hese factors.
Specific negative aspects t o graphic techniques include the
difficu l ty of effect ive plotting techniques in reflecting accurate
representations of diets containing high and low iron concentration.
De pend ing on data distribution, it 1s often difficult to achieve
uniformity of parallel lines, or a single point intersection o f slope
ratio lines.

Graphic t echniques 1gnore the influen ce of we i ght gain and

associated factors.

The extremely small iron conc en trations ( 0, 6, and

12 ppm) recommended in the AOAC meth od may interfere wi th growth and
alter the normal patte r n of primary hemoglobin iron r egeneration .
Finally, the six week leng th of the AOAC procedure increases the
possibi l ity of interference by und esirable physical variables.
From all practical

con~idera t ions,

to be th e method of choice .

Regeneration Efficien cy appears

Deple t ion by phlebotomy tends to compromise

iron stores less (Flanagan et al., 1980) as seen in the response
elicited by both methods .

The shorter period of de pl etion is also less

stressful to th e animal thereby introducing less unwanted variables.
Repletion 1s accomplishe d by a single di etary iron concentration which
is adequate for normal growth (Mahoney and Hendri cks, 1976), an
important consideration in the weanling rat, and one which als o serves
to eliminate extraneous variables brought about by the inability of the
depleted animal to garner enough iron to yield applicable results.

The

shorter repletion time needed is not only more convenient, but offers
less chance t ha t the iron absorption mechanism will become saturated,
thus pr ejud i cing values obtained.

The fact that a single repletion diet

is n eeded eliminates the necessity for the many dietary preparations and
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the great numbers of animals.

The use of the Regeneration Efficiency

method however, does magnify the importance of accurate values being
obtained for each subject.
The fact that values here determined using both Slope Ratio and
Regeneration Efficiency methods were similar validates the assumption
that calculations based upon hemoglobin regeneration efficiency can be
relied upon to provide an efficient means of evaluating relative potency
of an 1ron source.
It is possible that the high potency values r eflecte d in both types
of assay by iron test sources as compared to th e reference may be due to
several factors .
Casein was used as the protein source 1n the basal diet, a
substance noted by Miller (1977) to be a better source of amino acids
than wheat.

Though - Amine and Hegsted (1974) indicate that the effect of

casein in the diet is unknown, Pennell et al. (1976) also consider that
the presence of protein enhances the availability of ferric
orthophosphate in particular.

Conversely, poor sources are known to

depress the rate of non-heme iron uptake as less amino acids are made
available for chela tion.

A reduction in hemoglobin synthesis is

ultimately the result of inferior protein intak e .
Nelson and Potter (1980) demonstrated that several amino acids
enhance iron salts in the diet through chelation or reduction, an effect
whi ch may be lost if reactive side groups are modified or removed .
The basal diet used in these experiments containing corn syrup
solids as the carbohydrate source may, on the other hand be somewhat
inferior to diets based on glucose (Miller, 1979).

Corn syrup solids,
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whil e introducing some glucose, maltose and dextrose, is primarily
composed of partially hydrolyzed starches which ar e less effective 1n
promoting chelation.
may have had an

Calcium carbonate, present in the mineral mix used

inhibitor~·

effect upon 1ron retention as well (Amine et

al., 1972).

The effects of heat and processing upon the prepared cereals may
have enhanced their bioavailability .

Although baking is detrimental to

the superior potency of ferrous sulfate (Moore et al . , 1940; Lee and
Clydesdale, 1980; Ranhotra et al . , 1979) heat and processing factors
cause the formation of some chelates which enhance the bioavailability
of ferric phosphate forms (Wood et al., 1979; Lee and Clydesdale, 1980).
Heat used 1n the processing of Malt-0-Meal® conceivably may have
improved the potency of that source.
comparing

f~ee

Shah et al. (1979) found in

1ron phosphates and those inc or porat ed in cereal that the

cereal sources we r e more bioavailable .
Nelson and Potter (1980) reported that the majority of iron which
is prot e in-bound during baking or processing remains bioavailable and
recommended procedures wh ich would create prote i n-bound complexes as a
desirable method of producing cereals with enhanced bioavailability .
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CONCLUSIONS AND RECOMMENDATIONS
In this research, the value 7.5 has been presented as a percent
blood volume constant in the weanling rat.
Previous regeneration efficiency results which were calculated on
the basis of a percent blood volume constant of 6.7 (Greenberg et al.,

1957; Cardon et al., 1980) may be corrected by multiplying the
regeneration efficiency by

a

factor of 1 . 1.

Blood volume considerations

in previous research have not excluded more mature rats for which a
blood volume constant is not to be expected.
More research 1s also need to perfect efficient means for
evaluating sources of dietary iron, particulary those commercially
manufactured and freque ntly used as dietary supplements.

The results of

this - research indicate the great variety of factors whi ch must be
considered in the empirical evaluation of such products.

These include

not only physical factors necessary for the correct interpretation of
the efficiency of dietary iron utilization, but also dietary components
of the test source and basal diet, shelf life, chemical activity
potential of the iron form and variables introduced in the manufacturing
and baking process.

The Regeneration Efficiency method shows promise in

the interpretation of physical factors involved in repletion, however
standardized methods of analyzing th e influence of other variables such
as the need to be developed.
In addition, more study of the actual nature of potentially
effective iron sources is needed.

At present the relative potency of
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such highly v ariable dietary sources as ferric orthophosphate, and
various forms of reduced iron are not fu lly und erstood and should be
examined in greater de t ai l .
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Appendix A
Composition of the Basal Diet
Diet mixture (g/kg diet)
Cas e in

200

Corn syrup solids 628
Corn oil

50

Vitamin mixture

22

Mineral mixture

50

Fiber

50

Mineral mixture (g/kg)
CaCo3

280.000

NaH2P04

341.000

KC1

76.300

ZnS04·7H20

1.176

MnS04 ·H20

3.420

CuS04 · 5H20

.442

NaMo04 • 2H20

.012

KI

.004

CoCl2·6H20

.004

MgC03
Corn syrup solids

28.000
269.642

106

Vitamin mixture (g/kg)
Alpha tocopherol (1000 IU/g)

5.0

L-ascorbic acid

45 . 0

Choline chloride

75.0

D-calcium pantothenate

3. 0

Inositol

5.0

Menadione

2. 25

Niacin

4.5

PABA

5.0

Pyridoxine HCl

1.0

Riboflavin

1.0

Thiamine HCl

1.0

Vitamin A acetate

900,000 units

Calciferol (D2)

100,000 units

Biotin

20 mg

Folic acid

90 mg

Vitamin B12
and dextros e to equal 1 kg .

1. 35 mg
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Appendix B
Cyanmethemoglobin Method
Drabkin's reagent preparation

Weigh 1.0 g NaHC03, 52 mg KCN and 198 mg K3Fe(CN)6·
Dilute in a volumetric flask with distilled water to equal one
liter .

Refrigerate solution in labelled dark brown glass container.

Procedure

Place 20 microliters of unclotted blood in 5 ml Drabkin ' s reagent.
Mix well and allow solution to set 30 minutes .

Read absorbance values at

540 nm 1n a spectrophotometer.
Determine hemoglobin concentrations from the standard curve derived
from commercial hemoglobin standards (low 5.5±0.3, intermediate 13.1±0 . 5
and high 17.1±0.5).1

lstandards obtained from Fischer Scientific Company Diagnostics Division,
Orangeburg, NY 10962.

Appendix C
Tab l e 21.

Statistical Summary of the Effect of Repletion Interval in Days on Growt h and
Pe r cent Blood Volume for 122 Anemic Weanling Male Rats
F ratio

P value

LDS Procedure for the 0 . 05 level 1
Subsets2
LSD values3

Body wt , in itial (g)

0.24

0. 872

ns

Body wt, final (g)

133.92

<0 . 001

1. 5 days
2. 10 days
3. 15 days

Hb, i nitial (g/dl)

0.69

0.560

ns

Hb, final (g/dl)

50.07

<0 . 001

1. ~days
1-2 0 . 36
2. 10, 15 days 2-3 0.42
1-3 0.40

Blood volume (ml)4

20.09

<0 . 001

Percent blood volume4

0.36

0. 782

1.
2.
3.
4.

0 days
5 days
10 days
15 days

1-2 4 . 0
2-3 4 .8
1-3 4. 5

0-1 0 .94
0-2 0 .94

1-2
1-3

0.87
0 . 82

ns

!Mean differences must equal or exceed the least significant difference value to be
statistically significant.
2subsets by repletion interval in mean values for 0 , 5, 10, or 15 days in increasing order.
3rntervals for LSD values correspond to subset number in pr evi ous co lumn.

.....
0

4Reliable Evans blue injections available for 85 of 122 animals.

00
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Appendix D
Table 22.

Statistical Comparisons of Hematinic Response for 122 Anemic
Weanling Male Rats Based on Initial Hemo globin Concentration

F ratio P value

Body wt,

final (g)

Hb, i nit ial (g/dl)

1. 97

0 . 122

321.67

<0 . 001

Hb, final {g/dl)

4.25

0.007

Hb g ai n ( g /dl)

67.69

<0 .001

Hb iron,

24.99

<0 . 001

initial (mg)

LSD Procedure for 0 . 05 level
Subsetsl
LSD value

ns

1.
2.
3.
4.

5
7
9
11

5-7 0.34
5 - 9 0 . 32
5-110.42

7-9 0 . 29
7-11 0.40
9-11 0.38

1. 5, 7, 9
2. 11

5-7 0 . 57
5-9 0.53
5-11 0 . 65

7-9 0 . 52
7-11 0 . 64
9-11 0.60

1.
2.
3.
4.

9
7
5

5 -7 0 66
5-9 0.61
5 -1 1 0. 75

7-9 0 . 59
7-11 0.74
9-11 0.69

1.

s

2.

9

5-7 0 . 289
5-9 0.266
5-11 0 . 328

7-9 0.261
7-11 0.324
9-11 0.304

5-7
5-9
5-11

7-9
5 . 38
7-11 6 . 68
9-11 6.26

11

3. 7' 11
Hb iron, final (mg)

2.05

0 . 110

Regeneration
Efficiency

32.15

<0 . 001

ns
1.
2.
3.
4.

11
9
7
5

lsubsets by initial hemoglobin co n centr a tion.
listed in decreasing ord e r.

5 . 95
5 . 48
6 . 75

Mean he mo globin v a lu e s

2Jntervs1a for LSD values corresp ond to initia l h emogl o bin conc e n t r a ti o ns .
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Appendix E
Table 23.

Statistical Summary of Liver Re sponse to Repletion Based
on Initial Hemoglobin Concentration

r ratio

p

value LSD procedure for 0 . 0 5 level
Subsetal
LSD va luea2

Body wt, fin a 1 (g) 1. 97

0. 122

ns

Iron intake ( mg)

0.877

ns

0.23

1. 7' 9 '11

Liver wt (g)

3.96

0 . 010

2. 11 , 5

1. 7 '9, 5

Liver iron ( ll g)

4.36

0. 00 3

2. 11

1. 5 , 7,9

Liver iron (l!g/g)

7. 50

0.001

2. 11

lsubsets by initial hemoglobin level in g/dl.
increasing order .

5-7 0.4301
5-9 0 . 4260
5-11 0.6762

7-9 0 . 3870
7-11 0 . 6523
9-11 0 . 6497

5-7 28.61
5-9 28.34
5 -11 44.99

7-9 25.79
7-11 43.40
9-11 43.22

5-7 4.08
5-9 4.04
5-11 6.41

7-9 3 . 67
7-11 6.18
9-11 6. 16

Means listed in

2Intervals for LSD values correspond to initial hemoglobin
concentrations.
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Appendix F
Table 24.

Statistical Summary of the Effect of Feeding 5.0, 6. 5, or
8.0 g of Diet Daily for 10 Days on Growth, Hematinic
Response and Liver lron in 30 Growing Anemic Male Rats

Body wt, initial (g)

Body wt, final (g)

Body wt gain (g)

F ratio

P value

LSD/O .O S level
Subsetal
LSD values

0.61

O.SS2

ns

<0.001

1. 50
2. 6 s
3. 80

s. 1

<0 .001

1. so
2. 6S
3. 80

4.6

0.049

49.68

78.37

Iron intake (mg)

967.91

<0.001

1. so
2. 6 s
3. 80

Hb, initial (g/d1)

0. 31

0.738

ns

Hb,

0.18

0.840

ns

Regeneration efficiency

0.76

0 . 480

ns

Hb gain ( g /dl)

0.53

0 . 595

ns

Hct, initial

O.lS

0 . 861

ns

Hct, final

0.22

0 .8 04

ns

Hb iron,

0.23

0 . 799

ns

(g/dl)

final

initial (mg)

Hb iron, final (mg)

10.81

<0.001

1. 50
2 . 65
3. 80

Liver wt

0 .6 6

0.525

na

<0.001

1. 50
2. 6 5
3. 80

(g)

Liver iron (llg)

15.22

liver iron (vg/g)
1.27
lsubsets by dietary intake (g) .

0 . 246

1.06

0.297
ns
Means listed in increasing order.
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Appendix G
Table 25.

Statistical Summary of Response After Repletion for 10
Days in 60 Growing Anemic Mal e Rats Analyzed by the
Regeneration Eff ic iency Method1
F ra tio

P value

LSD Procedure for 0.05 leve l
Subsets by di et2 LSD values

Body wt, ini t ia 1 (g)

0.04

0.997

ns

Body wt, fina 1 (g)

1.11

0. 364

ns

Body wt gain (g)

1. 78

0 . 151

ns

Fe in t ake (mg)

1.24

0. 307

ns

Hb, initial (g/dl)

0.15

0. 962

ns

Hb, final (g/dl)

8.82

<0 .001

1. 3' 2,1 ,4
2. 5

0.91

Hb gain (g/ d 1)

11.05

<0 . 001

l. 3,2,1
2 . 2,1 ,4
3. 5

0 . 82

Hct, in it ia 1

0. 16

0 . 956

ns

Hct, final

6 .71

<0 .001

l. 3,2,4,1
2. 5

3.5

Hct, ga1n

8.26

<0 .001

l. 3,2 , 4,1
2. 5

3. 4

Regeneration efficiency

9.25

<0 . 001

1. 3,2,1
2. 2,1,4
3. 5

8. 62

l. 3,4. 1,2

Apparent absorption

6.51

0.001

2.5

5.11

1Diets in l1g/ g: 1) Total® 34.0, 2) Gerber mixe d cereal® 35.1,
3) Malt - 0-Meal® 34.0, 4) ferric orthophosphate 34.0, 5) ferrous
sulfate 34.0.
2Means listed in increasing order.
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Appendix H
Table 26 .

Statistical Summary of Repl et ion Response in 40 Weanling
Male Rats Fed a Low Concentration of Dietary Iron for 14
Days as Determined for All Diets by AOAC Assayl
F rat io

P value

LSD Procedure for 0.05 level
Subsets by diet2 LSD values

Body wt, initial (g)

o. 20

0 .936

ns

Body wt, final (g)

0.44

0. 776

OS

Hb, initial (g/dl)

0. 01

1 . 000

ns

Hb, final (g/dl)

3.98

0.009

1. 3,1,2,4
2. 5

0.69

Hb gam (g/dl)

5.63

0.001

1. 3,1,2,4
2. 5

0 . 59

He t , in it ia 1

0.45

0. 775

ns

Hct, final

2.93

0.034

Hct gain

6.06

0.001

2. 5

Liver wt (g)

0.64

0 .639

ns

Liver iron (l!g)

0.68

0 . 609

ns

Liver iron (l!g/g)

0.40

0.805

ns

Apparent absorption

2.75

0.057

ns

1. 3,1,4,2

2. 2' 5

2. 7

1. 1,2,3,4

2. 7

!Diets in ll&lg: 1) Total~ 12.50, 2) Gerber mixed cereal~ 11.40,
3) Malt-0-Mea l~ 12.00, 4) ferric orthophosphate 11.20, 5) ferrous
sulfate 12.00.
2Means listed in increasing order.
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Appendix I
Table 27.

Statistical Summary of Repletion Response in 40 Weanling Male
Rats Fed an Intermediate Concentration of Dietary Iron for
14 Days as Determined for All Diets by AOAC Assay1
F ratio

P value

LSD Procedure for 0. 05 level
Subsets by diet2 LSD values

Body wt, initial (g) 0.13

0.970

ns

Body wt, final (g)

0 . 53

o. 718

ns

Hb, initial (g/dl)

0.16

0 . 955

ns

Hb, final (g/dl)

9.28

<0 .001

1. 3,2,1,4
2. 5

1.15

Hb g a m ( g I d 1 )

6.92

<0 .001

1. 3,2,1,4
2. 5

1. 30

_H ct, initial

0. 35

0.842

ns

He t, fina 1

9.60

<0 .001

1. 3,2,1
2. 2,1,4
3. 5

3.0

1. 1,2,3
2. 4
3. 5

2.1

Hct ga1n

31.05

<0.001

Liver wt (g)

1.15

0.348

ns

Liver uon (l!g)

2.11

0.101

ns

Liver uon (l!g/g)

1.43

0.243

ns

Apparent absorption

7.24

0.001

1. 1,2,3
2. 4,5

9.42

lDiets in l!g/g: 1) Total® 20.80, 2) Gerber mixed cereal® 20.30,
3) Malt-0-Meal® 18 . 90, 4) ferric orthophosphate 19.50,
5) ferrous sulfate 23 . 50.
2Means listed 1n increasing order.
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Appendix J
Table 28.

Statistical Summary of Repletion Response in 40 Weanling
Male Rats Fed a High Concentration of Dietary Iron for
14 Days as Determined for All Diets by AOAC Assayl

r ratio

P value

LSD Procedure for 0.05 level
Subsets by diet2
LSD values

Body wt, initial (g) 0 . 41

0.804

ns

Body wt,

final (g)

0 .4 5

0.774

ns

Hb, i nitial (g/dl )

0.66

0.627

ns

Hb,

6.29

0.001

1. 3' 1
2. 1' 2' 4
3. 4 '5

1. 52

1. 1 '3
2. 2' 4
3. 5

0.89

f i nal ( g/dl)

Hb g a 1 n ( g/ dl )

Hc t ,

i ni tial

Hct, f in al

18. 78

<0 .001

0.47

0 . 758

ns

6. 17

0.001

1. 3,2,1
2. 2' 3' 4
3. 5

4.1

4.5

Hct gain

5.43

0.014

1. 3,2 , 1,4
2. 5

Liver wt (g)

0.47

0.761

ns

Liver iron (IJg)

0.04

0. 997

ns

Liver iron (IJg/g)

0 .2 1

0.933

ns

Apparent absorption

2.84

0.051

ns

lDiets in \Jg/g:
1) Total• 21.70, 2) Gerber mixed cereal• 23 . 00,
3) Malt-0-Meal 21.90, 4) ferric orthophosphate 25.0, 5) ferrou s
sulfate 26.80.
2Mean s listed in increasing order.
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